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Biological ageing is characterized by an accumulation of changes after reproductive 
maturity that exponentially increases the risk of death and disease. The mitochondrial 
free radical theory of ageing (mFRATA) proposes that accumulation of oxidative 
damage, induced by free radicals generated during normal metabolism, is 
responsible for these age-associated changes. One prediction stemming from this 
view is that modulating the rate of oxidative damage accumulation should alter the 
rate of ageing. Many studies have attempted to test this prediction by constitutive 
modulation of antioxidant defences. To date, these studies have reported conflicting 
results. One potential confounder is developmental adaptations in response to 
constitutively altered antioxidant defences, masking some effects of altered 
antioxidant defences.  
Peroxiredoxins are a family of peroxidases found in all eukaryotic kingdoms. 
Mitochondrial peroxiredoxin (prdx-3), in humans at least, is predicted to detoxify 90% 
of hydrogen peroxide generated in mitochondria. To investigate the role of prdx-3 in 
ageing, we repressed its expression in developmentally normal C. elegans at the 
onset of adulthood. This avoids the possibility of developmental adaptations masking 
effects of impaired antioxidant defences. We found evidence that in the absence of 
normal prdx-3 mediated antioxidant defences, ROS homeostasis was maintained by 
mild mitochondrial uncoupling. Consequently, net ROS production, accumulation of 
oxidative protein damage and lifespan remain unaltered. Mild uncoupling of 
mitochondria allows C. elegans to maintain ROS homeostasis when expression of 
mitochondrial peroxiredoxin was impaired, but also resulted in reduced ATP 
availability, leading to reduced physical and reproductive fitness. We discuss the 
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1.1 Ageing  
In 1952, Peter Medawar described ageing as an “unsolved problem of biology” 
(Medawar 1952). In the decades since, research has significantly advanced our 
knowledge of processes involved in ageing (Balcombe and Sinclair 2001;Sierra et al. 
2009;Brinton 2012). Half a century after Medawar’s declaration, Robin Holliday and 
Leonard Hayflick have separately argued that biological ageing is “no longer an 
unsolved problem” (Holliday 2006;Hayflick 2007). Holiday and Hayflick propose that 
ageing is due to an accumulation of stochastic molecular damage. Accordingly, the 
rate at which molecular damage accumulates depends on the efficacy of 
homeodynamic systems that prevent damage accumulation. Difference in ageing 
rates between species might then be attributed to evolutionary difference in efficiency 
of their homeodynamic systems.  
The prevalence of the ageing phenomenon across biological kingdoms suggest that 
either ageing was present in the ancestral eukaryote or that ageing, like the eye, 
developed multiple times (de Magalhães and Toussaint 2002;Holliday 2006). 
Biological ageing is characterised by an accumulation of changes after reproductive 
maturity, that reduce tolerance to stress and exponentially increase the risk of death 
(Holliday 2006;Hayflick 2007;Collins et al. 2008;de Magalhães and Toussaint 2002). 
Age-associated increases in frailty and risk of death have been observed in most 
species isolated from their natural environment (Kirkwood and Austad 2000). In 
humans, age-related changes include reduced muscle strength and immune 
competence as well as increased risk of neurodegenerative diseases, cancers and 
cardiovascular diseases (Balcombe and Sinclair 2001;de Magalhães and Toussaint 
2002). In wild populations, reduced physical fitness increases susceptibility to 
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predation, disease and misadventure. In the presence of extrinsic mortality factors it 
was expected that most individuals would perish after their essential lifespan, the 
time during which most animals of a population generate most of their progeny 
(Rattan 2007), making observations of aged animals in the wild improbable (Orr 
2009). There is, however, evidence that ageing occurs in wild populations (Bryant 
and Reznick 2004;Nussey et al. 2008;Charmantier et al. 2006;Velando et al. 2011). 
Difference in the rate of ageing between species and even individuals of the same 
species, suggests plasticity in the rate of ageing. The existence of negligibly 
senescent animals (Kirkwood and Austad 2000;de Magalhães and Toussaint 2002) 
suggest that it might be possible to indefinitely postpone biological ageing. Retarding 
the rate of ageing without reducing physical and evolutionary fitness in ageing 
animals might require a detailed understanding of the mechanism(s) of ageing. 
1.1.1 Changes in Human Population Demographics 
During the last 100 years human life expectancy (average time an individual is 
expected to live) in advanced countries has risen from about 40 years to 
approximately 80 years (Sonnega A. 2006;Bongaarts 2006). Increases in median life 
expectancy are attributed to improvements in living conditions, nutrition, preventive 
health care and widespread immunization programs (Balcombe and Sinclair 2001). 
Prior to 1950, gains in life expectancy were due to reduced mortality at young ages 
(Oeppen and Vaupel 2002;Robine et al. 2008). Gains in life expectancy after 1950 
are attributed to improvements in health care that have led to increased survival of 
persons aged 65 and above (Oeppen and Vaupel 2002;Robine et al. 2008). 
Additionally, the most frequent age of death due to old age (modal age of death) has 
also increased (Robine et al. 2008). In Sweden, the modal age of death in women 
from 1750 to 1850 was between 70 to 75 years (Robine et al. 2008), approximately 
20 years less than today. By 1950, modal age of death in several developed 
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European countries as well as Japan and the USA was 80 years. Modal age of death 
in these countries has been steadily rising at approximately 2.4 months a year, with 
modal age of death today at approximately 90 years (Robine et al. 2008). Life 
expectancy is rapidly approaching modal age of death. As life expectancy and modal 
age of death increased, the standard deviation of age of death from modal age of 
death has declined from 9.8 years in 1950 (modal age of death: 80 years) to 5.3 
years in 2008 (modal age of death: 90 years) (Robine et al. 2008). Thus these 
populations have experienced a compression of mortality (Robine et al. 2008). In 
recent years some of the longest lived populations have stopped experiencing 
compression of mortality associated with increasing life expectancy and modal age 
(Robine et al. 2008). Work by Oeppen  and Vaupel (2002) found than in developed 
countries, for which data are available, life expectancy has steadily risen by almost 3 
months a year since 1840, with no indication of slowing. Life expectancy continues to 
increases globally. In less developed nations large gains in life expectancy are 
experienced as sanitation, nutrition and healthcare approach levels enjoyed by the 
longest lived populations (Bongaarts 2006;Shkolnikov et al. 2011).  
Improvements in health care, infant mortality and global fertility rates above 
replacement levels have contributed to a rapidly increasing global population. Today, 
global total fertility rate (TFR) is 2.4 (Haub and Kaneda 2012). In many developed 
nations, however, the TFR has fallen below the replacement rate of 2.1 (Haub and 
Kaneda 2012). Declining birth rates have resulted in increasing median population 
age of these nations. Traditionally, the cost of elder care is supported by a much 
larger pool of younger economically active persons. As increasing numbers of older 
workers retire, the population dependency ratio (No. of economically active persons: 
No. of economically inactive persons per 100 persons) (United Nations 2007) is 
increasing (The World Bank 2011). Increasing population dependency ratios increase 
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the cost burden of support per economically active person. Decreasing the 
dependency ratio might be done by either attracting economically inactive persons 
into the work force or by retaining older workers (e.g. by maintaining a fixed 
difference between retirement age and median life expectancy). An important factor 
for retention of older workers is their continued good health. 
In middle and high income economies, the leading causes of death are ischemic 
heart disease, cerebrovascular disease and cancer (WHO 2007;WHO 2011). These 
are chronic conditions for which advancing age is the largest risk factor (The Alliance 
for Aging Research). In fact, the risk of developing a chronic disease doubles every 5 
years after the age of 50 (The Alliance for Aging Research). As populations age, the 
fraction of the population suffering from these diseases is expected to rise. The 
World Health Organization (WHO) predicts that the global proportion of persons aged 
60 years and older will double from 11% in 2000 to 22% by 2050 (WHO 2012). 
During this time, the number of persons aged 80 years and above expected to 
quadruple. These changes in population demographics are predicted to occur most 
rapidly in developing economies (WHO 2012;Haub and Kaneda 2012).  
1.1.2 The Economic Cost of Ageing 
In the United States of America (USA) the economic cost of cancers, cardiovascular 
diseases and Alzheimer’s disease (including lost productivity) is estimated to cost 
US$ 714 billion annually (American Cancer Society 2013;Go et al. 2013;Lindsley 
2012). Today, this is approximately 4.1% of the USA’s gross domestic product 
(GDP). At present, approximately 13% of Americans are aged 65 years and above. 
This number is expected to increase to 20% by 2050 (Jacobsen et al. 2011).  As the 
population of the USA ages, health care for persons aged 65 and above is expected 
to rise from 4% of the USA’s GDP in 2011 to approximately 9% of the USA’s GDP by 
2050 (Jacobsen et al. 2011). In the USA the elderly support ratio (number of persons 
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aged 18 to 64 years per person aged 65 years and above) is expected to decline 
from 4.9 today to 2.8 by 2050, increasing the economic burden on working 
individuals (Jacobsen et al. 2011). Globally, the elderly support ratio is expected to 
decrease from 9 in 2010 to 4 in 2050 with the decline in developed economies being 
4 in 2010 to 2 in 2050 (Bremner et al. 2010). This change is predominantly due to 
falling birth rates. 
Globally US$ 6.5 trillion, 1.7% of the world’s GDP, is spent on health care (WHO 
2012;Haub and Kaneda 2012). Approximately 80% of this spending comes from 
member states of the Organization for Economic Co-operation and Development 
(OECD). Combined, the population of OECD member states comprises only 20% of 
the world’s population. These nations, including the USA, are also responsible for 
most of the world’s GDP. For example, the USA with only 4.4% of the world’s 
population, generates approximately one quarter of the World’s GDP (approximately 
US$70 trillion) (Haub and Kaneda 2012).  As the global population swells from 6.8 
billion today to 9 billion in 2050, the number of persons aged 65 years and above is 
set to explode (Haub and Kaneda 2012). As the world’s population ages the cost of 
health care is expected to rapidly increase.  Unless economic productivity can be 
maintained at a level capable of supporting increasing health care cost or the cost of 
health care is significantly reduced (e.g. by reducing morbidity), it is possible that the 
world might not have sufficient resources to care for a growing elderly population.  
Singapore has one of the fastest ageing populations in the world. Persons aged 65 
years and above are expected to make up 25.5% of Singapore’s population by 2035 
(Cheah et al. 2010). Despite one of the lowest TFR in the world, 1.2, Singapore’s 
population continues to grow (Haub and Kaneda 2012). This is mainly driven by an 
influx of foreign nationals to bolster Singapore’s work force (MCYS 2008). While this 
model of economic support to offset a TFR below replacement levels might sustain 
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small nations like Singapore, it is unsustainable on the global scale. Under current 
mechanisms of funding heath care for the elderly, we are rapidly approaching a time 
where there will be insufficient economically active persons to support the healthcare 
system.   
The primary concerns of advancing age are increased frailty and incidence of 
disease. Completely eliminating stroke, cardiovascular disease and cancer has been 
estimated to add only 15 years to life expectancy (Hayflick 2000). Eliminating these 
diseases may not significantly increase time spent in economic activity. Despite 
advances in treatment, cures for these chronic conditions remain elusive.  Research 
suggests that lifespan and healthspan are interlinked (Izaks and Westendorp 2003). 
Throughout history, increased human life expectancy has from improvements of  
healthspan and a compression of mortality (Robine et al. 2008;Oeppen and Vaupel 
2002). Extended lifespan and healthspan of laboratory animals suggest that human 
lifespan and healthspan might be enhanced without improvements in healthcare 
(Friedman and Johnson 1988;Schriner et al. 2005;Treuting et al. 2008). Laboratory 
interventions successfully used to improve healthspan include genetic manipulation, 
nutritional modification and supplementation with small molecule drugs (see Sections 
1.6 and 4.3).  
1.2 Theories of Ageing 
In the decades since ageing was declared an “unsolved problem of biology” 
(Medawar 1952), hundreds of theories of ageing have been developed (Weinert and 
Timiras 2003;Holliday 2006;Hayflick 2007). In an attempt to classify theories of 
ageing, Medvedev counted over 300 theories (Medvedev 1990). Evolutionary and 
molecular theories of ageing are two approaches to the study of ageing (Jayanthi et 
al. 2010). Evolutionary theories of ageing describe how and why genes that influence 
the rate of ageing might accumulate in a population. Molecular theories of ageing 
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propose mechanisms, governed by genes, which might underlie the process of 
ageing.  
1.2.1 Evolutionary Theories of Ageing 
Darwinian evolution proposes that gene mutations generate variability in the 
evolutionary fitness, measured by reproductive success, of individuals within 
populations. Over several generations, traits (genes) that improve an organism’s 
ability to survive extrinsic mortality factors (e.g. misadventure, environmental 
variations, predation and disease) as well as those that enhanced reproductive 
capacity are actively selected for, becoming dominant within populations (Ljubuncic 
and Reznick 2009). In environments where extrinsic mortality is high, traits that 
enhance rapid development and reproduction might be favoured. In environments 
where extrinsic mortality is low, traits that enhance longevity and increase the 
reproductive window might be favoured.    
Two classes of evolutionary theories of ageing are the mutation accumulation theory 
of ageing and the antagonistic pleiotropy theory of ageing (Gavrilov and Gavrilova 
2002;Weinert and Timiras 2003;Ljubuncic and Reznick 2009;Medawar 1952;Williams 
1957). Though the specific mechanisms in these theories differ, the essence of these 
theories is that ageing is a maladaptive consequence of evolutionary forces that act 
during the essential lifespan of an organism (Weinert and Timiras 2003). 
Mutations generally detrimental to reproductive success are rapidly eliminated from 
wild population. Some mutations, however, are late acting and are thus do not impair 
reproductive success. These mutations are not selected against and may accumulate 
passively within the gene pool. The mutation accumulation theory of ageing proposes 
that ageing might be due to accumulation of late acting mutations that are either 
responsible for disease or rapid failure of components after the essential lifespan of 
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an organism (Ljubuncic and Reznick 2009;Weinert and Timiras 2003;Medawar 
1952;Rattan 2007).  
The mutation accumulation theory of ageing provides a means by which genes that 
moderate the rate of ageing might accumulated passively. The antagonistic 
pleiotropic theory of ageing (Williams 1957), in contrast, proposes a mechanism by 
which genes with detrimental effect might actively be selected for within a population. 
Pleiotropic genes are genes whose expression has multiple effects. Pleiotropic genes 
that enhance either reproductive or physical fitness early in life, thereby improving 
evolutionary fitness, are favoured by natural selection. Natural selection is blind to 
any detrimental effects these genes might have after the essential lifespan of an 
organism (Gavrilov and Gavrilova 2002;Ljubuncic and Reznick 2009;Williams 1957). 
Support for the antagonistic pleiotropy theory of ageing has been found in several 
animals including guppies and swans where early reproduction was correlated with 
early senescence (Charmantier et al. 2006;Bryant and Reznick 2004). Over sufficient 
evolutionary time, the lifespan of individual tissues are expected to be synchronised 
with essential lifespan as resource partitioning between reproduction and somatic 
maintenance is optimised (Kirkwood 1977). The mutation accumulation and 
antagonistic pleiotropic theories describe how different evolutionary forces, acting 
independently or in parallel, can result in accumulation of mutations responsible for 
ageing.  
1.2.2 Molecular Theories of Ageing 
Molecular theories of ageing propose that perturbation of cell homeostasis results in 
an accumulation of changes eventually leading to failure of cells, tissues and organs. 
Progressive declines in cell and tissue function are responsible for symptoms of 
ageing  (Hughes and Reynolds 2005;Weinert and Timiras 2003). These theories 
propose that the rate of ageing is dependent on the efficiency of the homeodynamic 
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systems of an organism (Holliday 2006;Hayflick 2007). In this context, the free radical 
theory of ageing (FRATA) and the mitochondrial free radical theory of ageing 
(mFRATA) have received most research attention (Hughes and Reynolds 2005).  
In 1956, Harman proposed that progressive accumulation of cell components 
damaged by reactive species increasingly impair cellular function, eventually 
resulting in disease and death (Harman 1956). Harman’s proposal was based on 
observations that toxicity induced by exposure to high concentrations of molecular 
oxygen resembled toxicity due to ionizing radiation exposure. Following the 
conception of the FRATA a correlation between increased molecular damage and 
advancing age was found (Harman 1956;Gruber et al. 2011;Van Raamsdonk and 
Hekimi 2009;Stadtman 2006;Harman 1972;Miquel et al. 1980;Larsen 1993;Papa and 
Skulachev 1997;Adachi et al. 1998). It was later realised that mitochondria, 
responsible for ATP production, are an important of source of reactive species in 
vivo, in particular reactive oxygen species (ROS) (Harman 1972;Miquel et al. 
1980;Linnane et al. 1989). The mFRATA proposes that ROS mediated damage 
causes progressive impairment of energy production, cell metabolism maintenance 
and eventually  tissue and organ dysfunction (Harman 1972;Miquel et al. 
1980;Linnane et al. 1989;Harman 1956). The mFRATA predicts that modulating the 
rate of oxidative damage accumulation might alter the rate of ageing. Impaired 
expression of antioxidant enzymes is one method used in attempts to accelerate 
oxidative damage accumulation in laboratory animals. Several studies in Mus 
musculus (mice), Drosophila melanogaster (flies) and Caenorhabditis elegans 
(nematodes) modulating expression of antioxidant enzymes reported a correlation 
between lifespan and ROS detoxification capacity (Huang et al. 2001;Phillips et al. 
1989;Duttaroy et al. 2003;Sun et al. 2002;Schriner and Linford 2006;Oláhová et al. 
2008;Hartman et al. 2003;Larsen 1993;Petriv and Rachubinski 2004). Other works, 
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however, have shown that impairment of ROS detoxification capacity did not shorten 
lifespan and in some studies lifespan was even extended (Miwa et al. 2004;Van 
Raamsdonk and Hekimi 2010;Doonan et al. 2008;Pérez et al. 2009;Isermann et al. 
2004). To date, there is no conclusive evidence for or against the mFRATA (Schaffer 
et al. 2011;Hughes and Reynolds 2005). We discuss these results in greater detail in 
Section 1.6. 
1.3 Mitochondria 
Most adenosine triphosphate (ATP), the primary energy carrier in cells, is generated 
in mitochondria. Mitochondria, unlike other organelles, are bound by two 
phospholipid bilayer membranes, possess their own DNA and are able to synthesize 
some of their own proteins. Pyruvate, generated by glycolysis in the cytoplasm, is 
transported into the mitochondrial matrix where it is converted into acetyl coenzyme 
A (acetyl-CoA). Within the mitochondrial matrix, proteins and lipids can also be 
metabolised into acetyl-CoA. Oxidation of acetyl-CoA by the tricarboxylic acid cycle 
generates reduced nicotinamide adenine dinucleotide (NADH) and reduced flavin 
adenine dinucleotide (FADH2). Embedded within the mitochondrial inner membrane 
are four protein complexes that form the electron transport chain (ETC), Figure 1.1. 
Electrons from NADH and FADH2 enter the ETC via complexes I and II, respectively. 
Activity of the ETC results in movement of protons from the mitochondrial matrix into 
the mitochondrial inter-membrane space by complexes I, III and IV. Consequently, a 
gradient of protons across the mitochondrial inner membrane resulting in a proton-
motive force (PMF) is generated. At complex IV electrons are transferred to the 
terminal electron acceptor, molecular oxygen, generating water. Protons re-enter the 
mitochondrial matrix via the ATP synthase complex (complex V). Complex V uses 
the PMF to generate ATP and thus couples the activity of the ETC to ATP synthesis; 
i.e. coupling mitochondria. The rate of proton movement through complex V is 
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dependent on the magnitude of the PMF. In normally functioning mitochondria, some 
protons re-enter the mitochondrial matrix independently of complex V. This process 
is known as proton leak. Several factors influence proton leakage, these include the 
lipid composition of the mitochondrial inner membrane as well as the activity and 
density of membrane bound proteins such as uncoupling proteins and adenine 
nucleotide translocase. Leakage of proton generates heat and reduces the PMF. 
 
Figure 1.1. Arrangement of complexes of the electron transport chain within 
mitochondria. 
 
1.3.1 Generation of Reactive Oxygen Species (ROS) in Mitochondria 
Movement of protons from the mitochondrial matrix into the mitochondrial inter 
membrane space is coupled to the transfer of electron along the ETC. As the PMF 
increases, resistance to proton translocation by ETC complexes and thus resistance 
to the movement of electrons in the ETC develop (Brand 2000). Consequently, 
reduced electron carriers accumulate in the ETC (Brand 2000). There is evidence 
that the rate of electron leakage into the mitochondrial matrix from reduced electron 
12 
 
carries of the ETC, from the flavin mononucleotide moiety or QH. at the ubiquinone 
binding site of Complex I and from Complex III, into the mitochondrial matrix is 
dependent on the PMF (Brand 2000). Leaked electrons can cause single electron 
reduction of molecular oxygen to generate superoxide radicals, the primary ROS 
produced by mitochondria (Jastroch et al. 2010;Halliwell and Gutteridge 2007). 
Dismutation of superoxide, either spontaneously or enzymatically by superoxide 
dismutase (SOD), generates hydrogen peroxide. Superoxide and hydrogen peroxide 
can react with Fe2+/Fe3+ to generate hydroxyl radicals (Chen and Schopfer 
1999;Mladenka et al. 2006). The hydroxyl radical is an important source of ROS 
mediated damage in the cell (Chen and Schopfer 1999). The reactivity of the 
hydroxyl radical precludes its enzymatic detoxification. Minimising superoxide and 
hydrogen peroxide availability by detoxification, limits generation of hydroxyl radicals 
in mitochondria. 
1.3.2 Defences against ROS 
Cells have evolved a balance between pro-oxidants and antioxidants to maintain low 
levels of ROS (generated during normal metabolism), necessary for intra-cellular 
signalling, while minimising the damaging effects of ROS (Kumsta and Jakob 
2009;D'Autréaux and Toledano 2007;Rhee 2006). Oxidative stress occurs when 
ROS production exceeds the capacity of ROS defence mechanisms to limit or repair 
damaged components (Kumsta and Jakob 2009;Stadtman 2006). ROS mediated 
carbonylation of proteins, for example, irreversibly damages proteins and increases 
their susceptibility to aggregation. Increased aggregation of carbonylated proteins is  
associated with several disease states (Nyström 2005;Kumsta and Jakob 2009). In 
mitochondria ROS detoxification is primarily achieved by the activity of superoxide 
dismutase (SOD) and peroxiredoxin (PRDX). 
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1.3.2.1 Superoxide Dismutase   
While SOD was discovered almost 80 years ago, it was not until 1969 that its 
enzymatic function and wide tissue distribution was realised (McCord and Fridovich 
1969;Huang et al. 2012). SODs are metalloenzymes that catalyzes dismutation of 
superoxide to generate molecular oxygen and hydrogen peroxide. Eukaryotes 
express two different SOD enzymes, copper zinc SOD (CuZnSOD) and manganese 
SOD (MnSOD). When first isolated in the 1930s CuZnSOD were thought to be metal 
storage proteins (Halliwell and Gutteridge 2007). CuZnSOD are robust enzymes with 
a large optimal pH range, resistant to denaturation and resistant to proteinases. 
CuZnSOD are, however, inhibited by cyanide. With the exception of the 
mitochondrial matrix, CuZnSOD have been reported in all cell compartments (Huang 
et al. 2012). Animal CuZnSOD are composed of two protein subunits. Cu2+ in 
CuZnSOD catalyzes superoxide dismutation while Zn2+ stabilizes the enzyme 
(Halliwell and Gutteridge 2007). MnSOD, unlike CuZnSOD, are expressed only in the 
mitochondrial matrix (Huang et al. 2012). Though MnSOD and CuZnSOD have 
similar activity at pH 7.0, MnSOD are less robust than CuZnSOD (Halliwell and 
Gutteridge 2007). MnSOD are composed of four subunits with one or two Mn ions 
per two subunits. MnSOD of animals, plants and bacteria share sequence similarity 
with each other but not with CuZnSOD. This suggests that these enzymes evolved 
separately (Halliwell and Gutteridge 2007).  Loss or substitution of Mn or Cu from 
MnSOD or CuZnSOD, respectively, renders these enzymes inactive. In addition to 
MnSOD and CuZnSOD, iron SOD (FeSOD) has been identified in some species of 
plant and bacteria (Chen et al. 2002;Gabbianelli et al. 1995).  
Much work has been done to characterize the effects of impaired SOD expression on 
lifespan. In mice knocking out mitochondrial SOD (mSOD: sod-2) resulted in 
neonatal death. In one strain of homozygous mSOD null mice, half of the embryos 
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died during gestation due to cardiomyopathy, (Li et al. 1995;Lebovitz et al. 
1996;Huang et al. 2001). All strains that survived to birth experienced cardiac injury. 
Knocking out mSOD caused inhibition of the ETC (reduced complex II and aconitase 
activity and increased complex I damage), increased susceptibility of mitochondria in 
metabolically active tissue to oxidative injury (in particular heart, neurons, muscles 
and liver), degeneration of metabolically active tissue and increased DNA damage (Li 
et al. 1995;Lebovitz et al. 1996;Melov et al. 1999). Furthermore, rapid fatigue was 
reported in the longest lived strain of mSOD null mice (Lebovitz et al. 1996). 
Interestingly mSOD null heterozygotes (mSOD +/-) mice appeared normal. This led 
the authors to suggest that only half of normal levels of mSOD were necessary for 
resistance to atmospheric levels of oxygen in mice maintained under laboratory 
conditions (Tsan et al. 1998). Similar to mice, mSOD deletion in flies resulted in 
neonatal lethality. Unlike mice, mSOD null heterozygote (mSOD+/-) flies suffered 
increased sensitivity to exogenous ROS generators (Duttaroy et al. 2003). RNAi 
mediated repression of mSOD in flies generated animals with increased sensitivity to 
oxidative stress, loss of ETC components and early mortality (Kirby et al. 2002). 
These changes were only observed in adult flies. Repression of mSOD was also 
reported to inhibit the activity of mitochondrial aconitase (Missirlis et al. 2003).  
Nematodes possess more homologues of SOD than mice and flies in all cell 
compartments (Gems and Doonan 2009). Under unstressed laboratory conditions, 
mSOD knock down nematodes were reported to resemble wild type nematodes 
(Yang et al. 2007). Unlike mSOD null mice and flies, mSOD null nematodes did not 
experience reduced lifespan or increased oxidative protein or DNA damage 
accumulation (Van Raamsdonk and Hekimi 2009;Honda et al. 2008;Doonan et al. 
2008;Gruber et al. 2011). There was, however, evidence that knocking out mSOD in 
nematodes inhibited the ETC (Gruber et al. 2011;Van Raamsdonk and Hekimi 2009). 
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Furthermore mSOD null nematodes experienced reduced fecundity and delayed 
development, suggesting that normal lifespan in mSOD null nematodes might be due 
to compensatory mechanisms.  
Here we describe SODs that generally localise to the cytoplasm (i.e. CuZnSOD) as 
cytoplasmic SOD (cSOD). Localization of cSOD to the inter-membrane space of 
mitochondria is thought to be important as superoxide from complex III of the ETC is 
released into the both mitochondrial matrix and the inter-membrane space of 
mitochondria (Sturtz et al. 2001;Okado-Matsumoto and Fridovich 2001;Muller et al. 
2004;Han et al. 2001). Knocking out cSOD in mice shortened lifespan without 
altering development (Reaume et al. 1996). Consistent with expectations that stem 
from the FRATA, cSOD null mice suffered increased oxidative damage accumulation, 
incidence of liver cancer, liver cell apoptosis, acceleration in age-related decline in 
antioxidant defences, sarcopenia, were generally smaller than wild type litter mates, 
suffered diminished fertility and presented with other features of progeria (Reddy et 
al. 2004;Imamura et al. 2006;McFadden et al. 1999;Ohlemiller et al. 1999;McFadden 
et al. 1999;Ho et al. 1998;Matzuk et al. 1998;Elchuri et al. 2005;Busuttil et al. 
2005;Muller et al. 2006;Reaume et al. 1996). In cSOD null flies, reduced lifespan was 
accompanied by increased sensitivity to exogenous ROS, male infertility, increased 
rates of spontaneous DNA mutations and accelerated age-related changes in 
expression of genes (Phillips et al. 1989;Woodruff et al. 2004;Rogina and Helfand 
2000). In nematodes, however, deletion of cSOD did not alter lifespan under 
unstressed laboratory conditions (Van Raamsdonk and Hekimi 2009;Doonan et al. 
2008).  
Consistent with the FRATA, flies selected for longevity had enhanced antioxidant 
defences (including SOD expression), reduced oxidative damage accumulation  and 
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increased resistance to exogenous ROS generators (Arking et al. 2000). Selection 
for shorter lifespan resulted in impairment of these measures (Arking et al. 2000).  
Interestingly, a 2-fold over expression of sod-1, the major cSOD in C. elegans (Van 
Raamsdonk and Hekimi 2009), was reported to extend mean maximum lifespan as 
well as compress morbidity (Doonan et al. 2008). It is unclear if mitochondrial 
localisation of over expressed cSOD (Doonan et al. 2008) was restricted to the 
mitochondrial inter membrane space (as normally occurs) of if over expressed cSOD 
also localised to the mitochondrial matrix. It must be noted that over expression of 
cSOD alone, increased nematode sensitivity to paraquat. Increased paraquat 
sensitivity was abolished by concurrent over expression of catalase (CTL) (Doonan 
et al. 2008). Over expression of sod-1 appears to support the FRATA, however, data 
on metabolism, fecundity, ROS production and oxidative damage accumulation were 
not reported in these nematodes. 
Consistent with work in nematodes, mild over expression of cSOD in flies (i.e. sod-1) 
extended lifespan and enhanced ROS tolerance (Sun et al. 2004;Parkes et al. 
1998;Reveillaud et al. 1991;Staveley et al. 1990;Seto et al. 1990). While metabolism 
in these flies appeared normal, oxidative damage accumulation and reproductive 
fitness in these flies were not reported. In contrast to mild over expression of cSOD, 
high over expression of cSOD in flies shortened lifespan and reduced tolerance to 
exogenous oxidative stress. Lifespan shortening in these flies was attributed to 
increased superoxide generation (Reveillaud et al. 1991). Similarly, over expression 
of mSOD in flies caused mild lifespan shortening, though exogenous oxidative stress 
resistance was unaltered (Mockett et al. 2003;Mockett et al. 1999). Oxidative 
damage accumulation in flies with increased expression of mSOD or cSOD was not 
reported. These data suggest that only mild increases in health and lifespan can be 
achieved by mild over expression of a single antioxidant defence gene. 
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Consistent with detrimental effects in flies, high over expression of cSOD in mice (i.e. 
sod-1) increased susceptibility to muscular dystrophy (Rando et al. 1998). Lifespan of 
these mice, however, was not altered (Rando et al. 1998;Huang et al. 2000). 
Similarly, high over expression of mSOD in mice caused male infertility, reduced 
fertility in females and smaller body size (Raineri et al. 2001). Lifespan of these mice 
was not reported. Levels of oxidative damage accumulation in mice with high over 
expression of mSOD and cSOD were not reported. In the absence of data on 
oxidative damage accumulation in these animals it is not clear if these studies tested 
the FRATA or the mFRATA. Interestingly, more recent work in mice with 2-fold 
increase of mSOD activity in brain tissue,  were reported to experience enhanced 
resistance to oxidative stress, reduced oxidative damage accumulation, reduced age 
associated decline in mitochondrial function and a mild increase in lifespan (Hu et al. 
2007;Jang et al. 2009). 
1.3.2.2 Peroxiredoxins (PRDX) 
PRDX are a family of proteins, between 20 kD to 30 kD in size, that protect cells from 
ROS mediated damage by detoxification of peroxides. In addition to protective roles, 
PRDX are involved in cell signalling, gene expression and cell differentiation (Kumsta 
and Jakob 2009;Han et al. 2005;Hofmann et al. 2002). Cells express multiple 
homologues of PRDX, each specific to an organelle (Kumsta and Jakob 2009). 
PRDX are the third most abundant protein in eukaryotic cells, making up 0.8% of 
soluble proteins in cells and 1.6%  of soluble protein in the mitochondria (Kumsta and 
Jakob 2009;Cox et al. 2009). There is evidence that the PRDX superfamily of 
proteins (found in all biological kingdoms) and thioredoxin evolved from a common 
ancestor (Copley et al. 2004;Kumsta and Jakob 2009).  
There are three classes of PRDX based on their mechanism of peroxide 
detoxification and the number of cysteine residues in their structure (Wood et al. 
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2003). The thiol group of the catalytic cysteine (CysP) in PRDX is oxidised to a 
sulfenic acid group when exposed to peroxide. Oxidation of the CysP causes local 
unfolding of the PRDX. The rate of unfolding is dependent on the equilibrium 
between the folded and unfolded states (Kumsta and Jakob 2009). The first step in 
regeneration of the thiol group of CysP is formation of a disulphide bond with another 
thiol group. In 1-cys PRDX, prdx-1 and prdx-6, the disulphide bond is formed with 
another protein. In atypical 2-cys PRDX, prdx-2 and prdx-5, the disulphide bond is 
formed with a resolving cysteine (CysR) on the same protein. Finally, in typical 2-cys 
PRDX, prdx-3 and prdx-4, while the CysP and CysR are found on the same protein 
the disulphide bond is formed with a reduced typical 2-cys PRDX to generate an 
obligate homo-dimer (Kumsta and Jakob 2009;Wood et al. 2003). Figure 1.2 is a 
diagrammatic representation of the hydrogen peroxide detoxification by typical and 
atypical 2-cys PRDX. Formation of the disulphide bond stabilizes the locally unfolded 
conformation, making regeneration of reduced typical 2-cys PRDX a favourable 
process (Wood et al. 2003;Winter et al. 2008). Regeneration of reduced 2-cys PRDX 
is mediated by thioredoxin (Trx), which is in turn regenerated by NADPH dependent 
Trx reductase (TrxR) (Wood et al. 2003;Kumsta and Jakob 2009). With the exception 
of mitochondrial PRDX, typical 2-cys PRDX are susceptible to over oxidation  under 
elevated peroxide stress, forming R-SOOH at the CysP site (Wood et al. 




Figure 1.2. A diagrammatic representation of the hydrogen peroxide detoxification by 
typical and atypical 2-cys PRDX. 
 
Over oxidation of typical 2-cys PRDX results in a loss of peroxidase function and the 
formation of high molecular weight oligomers about 600kD, with ATP independent 
holdase (a class of molecular chaperones) activity that that prevent protein 
aggregation (Jang et al. 2004;Moon et al. 2005). Induction of molecular chaperones 
is part of the universal stress response (Kumsta and Jakob 2009). Molecular 
chaperones can be classified based on their function, holdases and foldases. 
Holdases and foldases have competing functions. Foldases assist proteins in 
overcoming local peaks in the energy requirements as they fold into their biologically 
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active conformation. Holdases prevent folded proteins from unfolding, especially in 
times of stress. The ATP independent holdase activity of over oxidised 2-cys PRDX 
provides a mechanism to maintain the biologically active conformation of essential 
proteins when ATP is limited under stressed conditions (Kumsta and Jakob 2009). 
Under normal metabolic conditions, about 1% of PRDX in cells are found in the 
sulfinic acid (over oxidised) form (Woo et al. 2003). 
Regeneration of reduced 2-cys PRDX from the sulfinic acid state is mediated by the 
ATP dependent sulfiredoxins family of proteins (Biteau et al. 2003). Sulfiredoxins are 
a highly conserved family of proteins found in eukaryotes (Kumsta and Jakob 2009). 
The sestrin family of proteins, unrelated to sulfiredoxins, were initially thought to also 
regenerate reduced 2-cys PRDX from their sulfinic acid form (Budanov et al. 2004). 
Later work reported that regeneration of reduced 2-cys PRDX in cell lines (HeLa and 
A549) was not enhanced by sestrin over expression nor did knocking out sestrin 
impair 2-cys PRDX regeneration in mouse embryonic fibroblast (Woo et al. 2009). 
There is, however, evidence that sestrins protect 2-cys PRDX from over oxidation 
(Essler et al. 2009).  
PRDX are important for maintaining cell redox balance and play a role in redox 
signalling. Increased susceptibility of eukaryotic PRDX to over oxidation suggests 
that eukaryotic cells might be more sensitive to changes in cell redox balance than 
prokaryotes. The resistance of mitochondrial PRDX to over oxidation suggest a need 
to preserve the peroxidase activity of PRDX in mitochondria.  
Investigations into the role of PRDX in ageing have been gradually gathering 
momentum since they began in 2000. Mice and flies possess more homologues of 
PRDX than nematodes. In addition to prdx-3 (mPRDX) mice and flies also express 
prdx-5 in mitochondria (as well as all other cell compartments) (Radyuk et al. 
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2010;Seo et al. 2000). It is possible that normal endogenous prdx-5 expression might 
attenuate some of the effects of impaired expression of a single PRDX homologue.  
In mice, knocking out mPRDX did not alter development schedule. However, mPRDX 
null mice were smaller in size than wild type mice and experienced increased 
expression of cytosolic PRDX (cPRDX) (Li et al. 2007). Furthermore, placental 
abnormalities in mPRDX null females reduced live births by approximately 90% as 
compared to heterozygotes and wild type maternal mice (Li et al. 2008). Intracellular 
levels of ROS were also elevated in macrophages (Li et al. 2007). Interestingly 
mPRDX null mice experienced increased oxidative protein and DNA damage in lung 
tissue and increased rates of apoptosis and cell death signalling in macrophages 
only when oxidative stress was induced (Li et al. 2007;Li et al. 2009). Lifespan of 
mPRDX null mice was not reported. 
In flies, knock down of mitochondrial prdx-3 expression alone did not shorten lifespan 
or alter fecundity, though there was a mild increase in sensitivity to oxidative stress 
(Radyuk et al. 2010). It was reported that knocking out prdx-5 caused mild shortening 
in mean lifespan and increased sensitivity to oxidative stress (Radyuk et al. 2009). 
Radyuk et al. (2010) suggested that the lack of lifespan modulation when 
mitochondrial prdx-3 expression was repressed might be due to redundancy in 
function by prdx-5 and residual expression of prdx-3. They report that depletion of all 
mPRDX, by knocking down prdx-3 in prdx-5 knockout flies, resulted in an 80% 
reduction of lifespan, induction of apoptosis in muscle and digestive tissue and 
increased oxidative stress in these animals (Radyuk et al. 2010). The effects on 
fecundity and other measures of fitness, in these flies, were not reported. Given the 
severity of lifespan shortening, we presume these factors were also impaired. The 
effects of impaired expression of mPRDX in mice and flies appear to be supportive of 
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the mFRATA. Before our work, detailed data on the effects of impaired mPRDX 
expression on nematodes had not been published. 
Knocking out prdx-1 (a cPRDX) significantly shortened the lifespan of mice. Reduced 
lifespan was attributed to development of severe haemolytic anaemia and 
development of several malignant cancers from nine months of age onwards 
(Neumann et al. 2003). Erythrocytes of prdx-1 null mice experienced increased ROS 
generation and oxidative DNA damage. Consistent with prdx-1 null mice, prdx-2 
(another cPRDX) null mice, experienced increased levels of oxidative damage and 
haemolytic anaemia (Lee et al. 2003). Lifespan of prdx-2 null mice was not reported. 
Interestingly repression of prdx-5 in mice did not alter lifespan, fecundity or 
haematological parameters (Yang et al. 2010). Expression of mPRDX in cPRDX null 
mice was not reported. The effect of impaired prdx-1 and prdx-2 expression in flies 
remains to be studied. 
Constitutive knock down of the cytosolic prdx-2 in nematodes was reported to impair 
development time, reduce adult body size and reduce fecundity. Lifespan, however, 
was not altered (Isermann et al. 2004). Prdx-2 knockout nematodes were reported to 
suffer from shorter lifespan and increased sensitivity to oxidative stress (Oláhová et 
al. 2008). Levels of oxidative damage were not reported in these animals. The 
difference in lifespan and sensitivity to oxidative stress might be due to either 
different culture conditions used by each group. Elevated growth temperatures are 
known to shorten lifespan in nematodes and may abolish any advantage conferred 
by prdx-2.   
In mammals’ prdx-6 localised to peroxisomes, with expression being highest in tissue 
with the most metabolic activity and/or subjected to the highest oxidative stress, like 
liver and lungs (Manevich and Fisher 2005). Under laboratory conditions, fecundity, 
development time, adult morphology and body size of mice were unaltered in the 
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absence of prdx-6 (Wang et al. 2003). When exposed to oxidative stress, however, 
several tissues, in particular lungs and liver were severely damaged. Unsurprisingly 
these animals were more sensitive to exogenous oxidative stress than wild type 
animals. Even in the absence of exogenous oxidative stress the liver and 
macrophages of these animals had increased levels of oxidative damage as well as 
increased ROS production in macrophages (Wang et al. 2003).   
Prdx-4 normally localises to the endoplasmic reticulum. When stressed, prdx-4 is 
released from the endoplasmic reticulum into the cytosol and possibly the 
extracellular matrix (Radyuk et al. 2013). Flies with repressed expression of prdx-4 
were more sensitive to ROS and suffered from increased levels of lipid peroxidation. 
The authors concluded that basal expression of prdx-4 was sufficient to maintain 
normal life under unstressed laboratory conditions (Radyuk et al. 2013) 
Consistent with the FRATA, over expression of prdx-5 and mild over expression of 
prdx-4  were found to increase in lifespan and reduce levels of oxidative DNA and 
lipid damage in flies (Radyuk et al. 2009;Radyuk et al. 2013). Over expression of 
prdx-5 also increased resistance to exogenous stress. Mild over expression of prdx-4 
(localised to the endoplasmic reticulum), however, did not increase stress resistance. 
Consistent with high over expression of other antioxidant genes in mice and flies, 
high over expression of prdx-4 was detrimental to flies. High over expression of prdx-
4 generated flies that experienced temperature sensitive fertility, increased apoptosis 
and severe reduction of lifespan (Radyuk et al. 2013). The authors attributed these 
changes to the toxic effects of overloading the endoplasmic reticulum rather than 
disruption of ROS homeostasis. To date, over expression of PRDX, in particular 














































































































































































































































































































































































































Table 1.1. Summery of peroxiredoxin knockdown and knock out studies in mice, flies 
and nematodes (worm). Data in bold were generated for this thesis. See Table 1.2 




No. Reference Remarks 
1 Neumann et al. 2003  
2 Isermann et al. 2004 * Indicates data not presented 
3 Oláhová et al. 2008  
4 Lee et al. 2003  
5 Ranjan et al. 2013  
6 Radyuk et al. 2010  
7 Li et al. 2007  
8 Li et al. 2008  
9 Li et al. 2009  
10 Radyuk et al. 2013  
11 Radyuk et al. 2009  
12 This thesis  
13 Manevich and Fisher 2005  
14 Wang et al. 2004  
 
Table 1.2. List of references for Table 1.1. See bibliography for full reference. 
 
1.3.2.3 Catalase 
Catalase (CTL) and PRDX are both responsible for the detoxification of hydrogen 
peroxide. Unlike PRDX, which was identified much later, the role of CTL in ageing 
has been investigated since the early 1990s (Orr et al. 1992). Nematodes possess 
three homologues of catalase (ctl-1: cytosolic, ctl-2: peroxisome and ctl-3: unknown). 
Mice and flies, however, possess only one catalase homologue (Gems and Doonan 
2009). Knocking out catalase did not observably alter the physiology or survival of 
mice (Ho et al. 2004). However, in the absence of further data it is unclear if any 
compensatory changes, e.g. increased expression of PRDX, occurred or if catalase 
is only necessary for survival under elevated oxidative stress. In flies, impaired 
catalase expression increased glutathione synthesis and reduced respiration rate but 
did not shorten lifespan (Orr et al. 1992). In contrast to mice and flies, impaired 
expression of catalase shortened lifespan of nematodes (Taub et al. 2003;Petriv and 
Rachubinski 2004).  However, it is unclear if impaired expression of catalase 
increased accumulation of oxidative damage in nematodes (Petriv and Rachubinski 
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2004). In the absence of data on levels of oxidative damage accumulation, it is 
unclear if the lack of altered lifespan in mice and flies when catalase expression was 
impaired refutes or supports the FRATA.  
In nematodes, a 10-fold over expression of the catalase cassette of genes (array of 
ctl-1, ctl-2 and ctl-3) did not alter lifespan (Doonan et al. 2008). Data on localization 
of over expressed CTL, oxidative damage accumulation and energy metabolism in 
these nematodes were not reported. In the absence of these data it is unclear if 
these data challenge the FRATA. 
In flies, ectopic mitochondrial expression of CTL increased total catalase activity by 
approximately 35% (Mockett et al. 2003). Increased total catalase activity enhanced 
resistance of flies to oxidative stress. Mild increase in catalase activity, however, did 
not alter metabolic rate or lifespan (Mockett et al. 2003). In the absence of oxidative 
damage accumulation data in these flies, it is unclear if the mFRATA was challenged. 
One possibility is that a 35% increase in catalase activity was insufficient to enhance 
the healthspan and thus lifespan of flies. Another possibility is that under laboratory 
conditions mPRDX were sufficient to maintain low hydrogen peroxide concentration; 
thus hydrogen peroxide concentrations in fly mitochondria were below the 
concentrations needed for efficient catalase mediated hydrogen peroxide 
detoxification.  
In contrast to nematodes and flies, high ectopic expression of catalase in 
mitochondria of mice (MCAT mice) (Schriner et al. 2005) increased mean and 
maximum lifespan by 20% and 10%, respectively (Schriner and Linford 2006). 
Consistent with the mFRATA MCAT mice also experienced reduced levels of 
oxidative damage, reduced incidence of cancer and reduced incidence or severity of 
other age-related changes (Schriner et al. 2005;Schriner and Linford 2006). 
Furthermore, it appears that MCAT mice experienced less severe declines in energy 
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availability as they aged (Schriner et al. 2005;Schriner and Linford 2006;Treuting et 
al. 2008).  
1.4 Animal Models 
Ageing has been studied in various animals in the laboratory. Perhaps the most 
common animals used are mice, flies and nematodes. Studying ageing in animals 
from different phyla allows us to determine if ageing in the animal kingdom might be 
due to evolutionary conserved (public) mechanisms rather than species specific 
(private) mechanisms (Partridge and Gems 2002). Data from animals amiable to 
laboratory manipulation, on public mechanisms of ageing, can eventually be 
translated into an understanding of ageing in humans. While it is unlikely that private 
mechanisms of ageing would advance our understanding of human ageing, an 
understanding of these mechanisms might provide insight into alternative methods by 
which the effects of ageing on human health might be moderated.   
1.4.1 The Nematode Caenorhabditis elegans 
The free living soil nematode Caenorhabditis elegans (C. elegans) is a well-studied 
laboratory animal (Culetto and Sattelle 2000). When cultured on a lawn of E. coli at 
20oC C. elegans have a mean lifespan of 20 days and develop from egg to adult in 
2.5 days (Brenner 1974;Olsen et al. 2006). C. elegans are self-fertile hermaphrodites 
that produce about 300 offspring during their reproductive phase (Culetto and 
Sattelle 2000). Adult nematodes measure 1mm in length and have a maximum width 
of 80µm (Brenner 1974) and 959 somatic cells, of which 309 are neuronal cells 
(Sulston et al. 1983). The invariant number of cells in nematodes after development 
has allowed the lineage of all cells and synaptic connections in adult nematodes to 
be established (Sulston et al. 1983;White et al. 1986;Culetto and Sattelle 2000). 
Based on the genome of C. elegans (C. elegans Sequencing Consortium 1998), it 
has been reported that C. elegans carries homologues for 70% of genes identified in 
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humans (Kaletta and Hengartner 2006;O'Kane 2003).  Humans, however, tend to 
have two copies of a gene, with each copy having either slightly specialized or 
different functions (O'Kane 2003) Several pathological changes including ageing are 
similar in worms, flies and humans (O'Kane 2003).  
1.4.2 A Rationale for the Use of C. elegans in the Study of Ageing 
The nematode offers several advantages for laboratory study as compared to mice 
and flies. Their small size and ease of maintenance permits the study of a large 
number of animals in experiments. Large populations can be used to study ageing 
and detect small but significant responses to experimental treatments relatively 
quickly. Nematodes possess distinct cell types that share similarity to cell types in 
mammals that possess complex functions like muscle and neuronal cells (Culetto 
and Sattelle 2000). The identification of genes responsible for mutant phenotypes 
(forward genetics), the rescue of mutant phenotypes and identification of phenotype 
generated by a gene (reverse genetics) has led to the elucidation of the pathways for 
cell death (Metzstein et al. 1998) and a mechanism for axonal guidance (Ishii et al. 
1992) and IGF-signalling (Kenyon 2011). 
Age-related changes in nematodes are similar to changes reported in other animals. 
As nematodes ages, they become less active, increasingly uncoordinated and 
eventually paralysed (Olsen et al. 2006). This gradual reduction in motility and 
coordination is most likely due to degradation of muscle cells (Herndon et al. 2002). 
Oxidised proteins have been observed to accumulate with increased age (Yasuda et 
al. 1999;Nakamura et al. 1999;Adachi et al. 1998;Herndon et al. 2002). Interestingly 
even in the isogenic populations of nematodes used in laboratory studies, the 
lifespans of individual nematodes have a large variability (Herndon et al. 2002;Olsen 
et al. 2006;Gruber et al. 2009). Lifespan variability has been co-related to levels of 
stress response proteins like HSP-16.2 (Rea et al. 2005). The variability in lifespan of 
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individuals from isogenic populations suggests that stochastic factors play a role in 
the ageing process (Holliday 2006;Hayflick 2007)  
In nematodes, it appears that longevity can be affected by mutations in single genes. 
In fact mutations that suppress IGF signalling in mice, flies and nematodes extend 
lifespan (Olsen et al. 2006;Bartke 2011;Morris et al. 1996;Kimura et al. 1997). In 
nematodes, mutations in genes that code for dauer formation, signalling and 
mitochondrial proteins also  alter lifespan (Jia et al. 2002;Antebi et al. 2000;Anson 
and Hansford 2004;Walker et al. 2005). Most long lived mutants have increased 
resistance to environmental stress (Olsen 2006). It was also found that inactivation of 
the nematode heat-shock factor (hsf-1) truncates lifespan (Olsen 2006). Recent 
studies into the mechanisms of ageing have used strains with well-defined genetic 
mutations. Studies using nematodes with altered gene expression are facilitated by 
availability of a large library of mutants, including long lived mutants (Ishii 2005) as 
well as the susceptibility of nematodes to post transcriptional gene silencing.  
1.5 RNA Interference 
Post transcriptional gene silencing or RNA interference (RNAi), is a mechanism 
found in all biological kingdoms that suppresses translation of parasitic nucleotides, 
controls protein synthesis, regulates expression of endogenous genes and maintains 
integrity of the genome (Chapman and Carrington 2007;Hutvagner and Simard 
2008;Siomi and Siomi 2009). The term RNAi was coined by Fire and co-workers 
(1998) to describe the observation that dsRNA can block gene expression in 
nematodes. RNAi is mediated by the targeting of complexes containing nucleases by 
small RNA fragments to mRNA with complementary sequences. RNAi mediated 
gene silencing has been adapted to impair gene expression in the laboratory. Here 
we provide a short overview of the history and mechanism of RNAi mediated gene 
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silencing. A detailed review of all cellular functions that involve the RNAi machinery is 
beyond the scope of this thesis.   
1.5.1 The History of RNAi 
Gene silencing, previously achieved by use of complementary single stranded RNA, 
is significantly enhanced and inheritable when induced by dsRNA (Fire et al. 1998).  
Inheritability of RNAi mediated gene repression is a species dependent trait (Hannon 
2002). Hannon suggested that during speciation, the role of RNAi mediated gene 
silencing diversified. Studies in plant in the 1990’s reported reduced mRNA 
expression of genes introduced either non-specifically or using viral vectors into cells 
(Kumagai et al. 1995;Dougherty et al. 1994;Angell and Baulcombe 1997;Ruiz et al. 
1998;Que et al. 1997;Jorgensen et al. 1996;Napoli et al. 1990;van et al. 1990). 
Silencing of exogenous genes constructs were also observed in flies and nematodes 
(Fire et al. 1991;Pal-Bhadra et al. 1997). Furthermore, the RNAi effect included 
transcriptional gene silencing via DNA methylation and chromatin modification 
(Wassenegger et al. 1994;Mette et al. 2000;Pal-Bhadra et al. 2002;Dudley et al. 
2002). A growing body of work found that while the specific functions, pathways and 
proteins involved in RNAi vary between different species, all known mechanisms of 
RNAi use small RNA (siRNA) for targeting and Argonaute proteins as their core 
endonuclease (Siomi and Siomi 2009). In addition to being generated by cleavage of 
exogenous RNA, siRNA are also encoded in the genome. Genomically encoded 
siRNA are necessary to maintain the germ line (Siomi and Siomi 2009).  
1.5.2 The Mechanism of RNAi  
Dicer protein is a member of the RNase III family of nucleases that specifically 
cleaves double-stranded RNAs. Like PRDX, Dicer is evolutionarily conserved 
throughout all biological kingdoms (Filippov et al. 2000;Bernstein et al. 
2001;Blaszczyk et al. 2001). Cleavage of dsRNA by Dicer generates dsRNA 
31 
 
fragments that are 21-25 base pairs in length (Tomari and Zamore 2005;Meister and 
Tuschl 2004;Elbashir et al. 2001;Zamore et al. 2000;Hamilton and Baulcombe 1999).  
Dicer assembles around dsRNA as anti-parallel homodimers. The catalytic site of 
Dicer contains two endonuclease domains that each cleave a single strand of dsRNA 
(Blaszczyk et al. 2001). In bacteria this produces dsRNA of 9 to 11 nucleotides in 
length. The anti-parallel alignment of Dicer coupled with inactivation of the second 
endonuclease site in eukaryotes is thought to result in dsRNA fragments of about 22 
nucleotides in length (Blaszczyk et al. 2001). Species specific differences in the 
sequence of Dicer can alter the distance between the endonuclease sites of the 
catalytic domain, resulting in species specific length of siRNA generated (Hannon 
2002).  
The cleaved dsRNA fragments have a characteristic phosphorylated 5’ end and a 2 
nucleotide overhang at the 3’ end generated by RNase III proteins. Work in C. 
elegans suggest that RNAi cannot be induced if Dicer is non-functional (Grishok et al. 
2001;Knight and Bass 2001;Ketting et al. 2001). The 5’ and 3’ overhangs of dsRNA 
fragments generated by Dicer provide orientation for siRNA loaded into the PAZ 
domain of the Argonaute protein of RNA-induced silencing complex (RISC) (Siomi 
and Siomi 2009). Binding of siRNA to RISC provides target specificity for RISC 
(Hammond et al. 2000). The structures of the 5’and 3’ ends of siRNA also 
discriminate siRNA from RNA degradation products. Processing of dsRNA into 
siRNA is dependent on ATP availability (Nykänen et al. 2001).  
In cells RISC complexes exist as 250kD precursor complex whose activity is initiated 
by ATP dependent unwinding of complex bound siRNA by RNA heliclase (Nykänen 
et al. 2001;Robb and Rana 2007). More recent works have suggested that siRNA is 
generally generated by ATP independent cleavage of the passenger strand of 
dsRNA fragments (Miyoshi et al. 2005;Rand et al. 2005;Matranga et al. 2005;Robb 
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and Rana 2007;Siomi and Siomi 2009). Cleavage of mRNA by activated RISC 
complex occurs independently of ATP and occurs only at the site where its sequence 
is complementary to the targeting siRNA (Elbashir et al. 2001;Zamore et al. 2000).  
In nematodes and plants, at least, RNAi can be systemically transmitted to cells not 
exposed to dsRNA and to progeny (Fire et al. 1998;Palauqui et al. 1997). In plants 
this is thought to be due to direct linking of cytoplasm of adjacent cells. In nematodes 
SID-1, a transmembrane protein, is thought to be involved in the systemic 
transmission of siRNA (Winston et al. 2002). Further, in nematodes dsRNA targeting 
the 3’ end of a gene resulted in cleavage of sequences immediately up stream. This 
effect is due to the activity to RNA-dependent RNA polymerase, primed by siRNA 
(Sijen et al. 2001).  
In nematodes, primary siRNA loaded into Argonaute protein of RISC, guides RISC to 
the target mRNA. Secondary siRNAi is generated by the activity of siRNA primed 
self-terminating RNA-dependent RNA polymerase. Self-termination of these RNA 
polymerases limits “transitive effects” RNAi (Aoki et al. 2007;Sijen et al. 2007;Pak 
and Fire 2007).  Secondary siRNA bind to a limited supply of secondary Argonaute 
proteins that lack slicer activity. The lack of slicer activity is thought to inhibit 
exponential generation of secondary siRNA (Siomi and Siomi 2009). The efficacy of 
the RNAi response suggests that the transcriptome is actively searched for the 
mRNA transcripts (Hannon 2002). Work in flies suggests that RISC complex may 
associate with ribosomes (Hammond et al. 2000). 
1.6 Objectives 
The mFRATA proposes that ageing is due to accumulation of oxidative damage. 
Studies have attempted to test the mFRATA by constitutively impairing antioxidant 
defences in mice, flies and nematodes. Despite decades of research, support for the 
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mFRATA remains equivocal. One potential confounder in previous studies is 
developmental adaptations in response to constitutive impairment of antioxidant 
defences. Developmental adaptation might mask some effects of impaired 
antioxidant defences.  
Historically, studies testing the mFRATA have focused on the role of SOD in ageing. 
In addition to superoxide, mitochondria are also an important source of hydrogen 
peroxide. At the time of writing, data on the role of mPRDX, responsible for 
mitochondrial hydrogen peroxide detoxification, in nematode ageing had not been 
published before our work. Here we attempt to test the mFRATA in the absence of 




2 Materials and Methods 
2.1 Strategic Method Considerations 
2.1.1 Maintaining Age Synchronisation 
At 20oC nematodes develop from egg to adult in approximately 3 days. Mean and 
maximum lifespans of nematodes are 20 and 30 days, respectively. During the 
reproductive phase, days 3 to 8 of life, self-fertilized nematodes produce 
approximately 300 progeny. The first progeny produced, are indistinguishable from 
their parents by day 6 of life. By day 10 of life, even progeny produced on day 6 
cannot be visually separated from their parents. Typically, progeny that contaminate 
an age synchronised population are three to seven days younger than parental 
nematodes (Gruber et al. 2009). In-silico analysis demonstrated that if even 1% of 
the population investigated were from the progeny generation (F1 generation), mean 
and maximum lifespan could be significantly overestimated (Gruber et al. 2010). We 
use alterations in mean and maximum lifespans to determine if the rate of ageing 
was altered in our experiments. Overestimating mean and maximum lifespan might 
result in the erroneous conclusion that the rate of ageing was either unchanged or 
slowed as a response to repression of antioxidant defence gene.  
When cultured on agar plates, age synchronisation of nematodes can be maintained 
by any one of three standard methods. The first method is manual transfer of the 
population investigated to fresh plates on a daily basis during the reproductive phase 
of the lifecycle. This process is time and labour intensive. During physical transfer of 
nematodes to fresh plates, nematodes may be injured or killed. Furthermore, 
progeny in physical contact with adult nematodes might be transferred to the fresh 
plates. If the progeny are not carefully removed they may contaminate the parental 
population, resulting in over estimates of mean and maximum lifespan. An alternative 
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method to maintain age synchronisation is the use of 5-fluoro-2′ -deoxyuridine 
(FUdR) as a chemical contraceptive (Mitchell et al. 1979). A homologue of uridine, 
FUdR is converted to 5-fluorodeoxyuridine monophosphate (FdUMP) in cells. A 
potent inhibitor of de novo thymidine synthesis, FdUMP inhibits synthesis of new 
DNA (Hosono 1978). Breakdown of FUdR also generates fluorouracil. Fluorouracil 
inhibits synthesis of ribosomal RNA, transfer RNA and protein synthesis (Key 1966). 
As a consequence of inhibition of these processes mitotic cells die. With the 
exception of the germ line, adult nematodes are composed of post mitotic cells. 
FUdR inhibits the generation of gametes and development of non-mature 
nematodes. Inhibition of the development of non-mature nematode by exposure to 
FUdR allows for the parent cohort to be distinguished from any progeny produced 
prior to FUdR exposure by size. Thus, FUdR facilitates the easy maintenance of a 
large population of age synchronous population of nematodes. However, there is 
evidence that the effect of FUdR on lifespan and morphology (e.g. body size and 
vulva protrusions) are dependent on the timing of FUdR exposure and dosage 
(Zuckerman 1980;Gandhi et al. 1980;Mitchell et al. 1979). Furthermore, it has been 
reported that both low and high doses of FUdR extend lifespan (Gandhi et al. 
1980;Mitchell et al. 1979). Inhibition of DNA and RNA replication by FUdR might also 
alter gene expression. To determine the magnitude of lifespan extension due to 
FUdR exposure, we compared the lifespan of control nematodes against the lifespan 
of control nematodes exposed to 50 µM FUdR. We found that lifespan of nematodes 
exposed to 50µM FUdR was significantly extended (p<0.0001), Figure 2.1. FUdR has 
also been reported to significantly increase expression of superoxide dismutase in C. 
elegans (Vanfleteren and De 1995). It is possible that FUdR might also alter the 
expression of PRDX. Given these issues with the use of FUdR, we chose not to use 




Figure 2.1. A comparison of survival between control nematodes in the absence and 
presence of 50 µM FUdR.  The survival of nematodes exposed to 50 µM FUdR was 
significantly greater than nematodes not exposed to 50 µM FUdR (Survival Analysis: 
Log-rank test, p<0.0001, n > 100). The mean and maximum lifespans of nematodes 
exposed to 50 µM FUdR were significantly greater than nematodes not exposed to 
50 µM FUdR (t-test, p<0.0001). This experiment was performed once. 
 
The final method is the use of fertility mutants (Fabian and Johnson 1994). Culturing 
temperature sensitive mutants at 25.5oC induces sterility, maintaining age 
synchronisation. There are, however, several issues with the use of temperature 
sensitive mutants. First, it is possible that the mechanism for sterility might modify 
antioxidant defences. Secondly, growth and maintenance at elevated temperatures 
are known to significantly shorten the lifespan of nematodes (Fabian and Johnson 
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1994). Therefore, changes to lifespan may not be evident at elevated temperatures. 
Finally, in temperature sensitive mutants some progeny are still produced (Hirsh and 
Vanderslice 1976;Hosono et al. 1982;Gruber et al. 2009). In-silico analysis suggests 
that the basal progeny production of fertility mutants is sufficient to cause over 
estimates of mean and maximum lifespan by 3 to 7 days (Gruber et al. 2010). To 
avoid these issues, we chose to maintain age synchronisation of cohorts of 
nematode by manually transferring them to fresh plates daily until day 8 of life and 
then once more on day 10 of life to ensure progeny were not carried over.  
2.1.2 mRNA Isolation for Real-Time PCR 
Manual transfer of nematodes to maintain age synchronisation precluded the use of 
large sample sizes to isolate sufficient mRNA for real-time PCR. All samples used for 
all molecular assays were collected on day 7 of life, 4 days after RNAi was 
introduced and after the reproductive phase. To determine the minimum number of 
nematodes needed on day 7 of life to yield sufficient mRNA for detection by real-time 
PCR. The β-actin TaqMan probe was used to test if sufficient mRNA could be 
isolated from samples sizes of 50 and 100 age synchronised nematodes using the 
same Trizol protocol used to isolate RNA for gene cloning (see Section 2.2.2.1). We 
found that mRNA isolated from 50 and 100 nematodes using the Trizol protocol, was 




Figure 2.2. Optimization of numbers of nematodes needed for real-time PCR.  
Extraction of RNA from 50 and 100 nematode samples using Trizol yielded 
insufficient mRNA for real-time PCR detection by the TaqMan probe for β-actin. This 
experiment was performed once.  
 
In 2004, Golden and Melov successfully used the Absolutely RNA NanoPrep kit 
(Stratagene) to isolate RNA from a limited number of nematodes for microarray 
analysis (Golden and Melov 2004). Based on this work, we tested the Absolutely 
RNA MicroPrep kit (Stratagene) to determine if mRNA isolated from samples of 1, 5, 
10 and 50 nematodes could be detected by real-time PCR, Figure 2.3. Ct values of 
all genes from samples of 1 and 5 nematodes were at 30 cycles and above. At this 
level, very low levels of transcript are detected. Given that Ct values for β-actin, a 
relatively abundant transcript, were at this level we determined that mRNA yields 
from samples of 1 and 5 nematodes were insufficient for real-time PCR detection. Ct 
values for all genes tested from samples of 10 nematodes were between 25 cycles 
(β-actin) and 28 cycles (prdx-6) with little variability between replicates. While 
samples of 50 nematodes yielded sufficient mRNA for detection by real-time PCR, 
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we noted that that not all nematodes were lysed. mRNA yield with 50 nematodes 
may have been variable. In a trial using 20 nematodes per sample we observed, 
under a microscope, consistent lysis of all nematodes. We therefore use 20 
nematodes per sample for real-time PCR experiments. 
 
Figure 2.3. CT values of β-actin, prdx-3 and prdx-6 amplification (Mean ± SEM) from 
untreated nematodes at day 7 of life.  n = 4 independent extractions. This experiment 
was performed once. 
 
2.1.3 Designing the dsRNA Generating Constructs 
Reverse transcription real-time PCR (real-time PCR), using the TaqMan Gene 
Expression Assay allowed us to accurately determine changes in relative gene 
expression levels and validate RNAi mediated gene repression. TaqMan probes that 
generated the smallest PCR product unique to each gene were selected from 
Applied Biosystems’ database of pre-designed and validated probes.  
The initial design for the dsRNA generating construct used primers that cloned the 
full length mRNA, however, we found that the TaqMan probes detected dsRNA 
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generated by the bacterium E. coli Ht115 (DE3). TaqMan probes ensure that only 
mRNA is detected by probing exon boundaries. To prevent the TaqMan probes from 
detecting dsRNA generated by the expression vector, primers for gene cloning were 
redesigned to exclude one of the binding sites for the primers used by the TaqMan 
probes, eliminating the possibility of the TaqMan probes detecting dsRNA generated 
by E. coli HT115 (DE3). Figure 2.3 is a graphic layout of the final design 
considerations and primer sequences used in this thesis.  
 
Figure 2.4. Design parameters for the gene constructs used to generate dsRNA.  (A) 
A schematic diagram of the design considerations for the RNAi constructs and 
selection of TaqMan probes. TaqMan probes investigate exon boundaries to ensure 
detection of mRNA. Primers for cloning of gene fragments were designed to exclude 
one of the TaqMan probes’ primer binding sites while generating the largest possible 
gene fragment. Sequences for the sacI and xbaI restriction sites were added to the 
forward and reverse primers, respectively. (B) The sequences of the primers used for 
PCR cloning of gene fragments. Primer names are written as follows: gene name, 
exon the primer binds to, direction of gene synthesis be the primer relative to 5’ to 3’ 
orientation of mRNA. The first six nucleotides of the forward and reverse primers are 
the recognition sites for the sacI and xbaI endonucleases, respectively.  
2.1.4 The Plasmid  
Expression of peroxiredoxin-3 (prdx-3), peroxiredoxin-6 (prdx-6) and superoxide 
dismutase-2 (sod-2) were individually repressed in developmentally normal 
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nematodes by feeding with E. coli HT115 (DE3) expressing dsRNA against these 
genes. Feeding nematodes with bacteria expressing dsRNA is one of three standard 
protocols used to induce gene repression via RNAi in C. elegans (Ahringer 2006). 
DsRNA was generated by inserting a PCR cloned fragment of the target gene into an 
IPTG inducible expression plasmid. For this work we chose the commonly used 
expression plasmid L4440, first described by Timmons and Fire (Timmons and Fire 
1998). The features of L4440 simplified construction and isolation of dsRNA 
generating constructs against all genes investigated. Figure 2.5 is a vector map of 
the plasmid L4440 highlighting it features.  
 
Figure 2.5. Map of the plasmid L4440 used to express dsRNA against prdx-3, prdx-6 
and sod-2.  (Adapted from 
http://www.addgene.org/pgvec1?f=c&cmd=findpl&identifier=1654). The multiple 
cloning site (MCS) carries recognition sequences for the restriction enzymes sacI 
and xbaI, among others. The MCS is flanked by two IPTG inducible T7 
bacteriophage promoters aligned to generate dsRNA upon induction. The Ampr loci 





Figure 2.6. PCR cloned gene fragments of sod-2, prdx-2, prdx-3 and prdx-6 from 
cDNA template using pfu polymerase.  This experiment was performed once. 
 
Insertion of PCR cloned gene fragment, Figure 2.6, into the plasmid L4440 was 
validated by sequencing. Figure 2.7 is a schematic of the stages involved in inserting 
the gene fragments into the plasmid L4440. We used the bacterium E. coli HT115 
(DE3), deficient in RNase III (Kamath et al. 2001) as the expression vector. RNase III 
deficiency inhibits the activation of the dicer complex, thereby inhibiting the RNAi 





Figure 2.7. A schematic diagram of the stages involved in generation of the dsRNA 
generating construct. The plasmid L4440 and cloned gene fragments were 
individually double digested and purified. The linearised vector and gene are mixed in 
a 1:10 ratio and ligated. Ligated gene constructs are transformed into E. coli DH5 
alpha and plated on LB agar plates supplemented with ampicillin. Gene insertion in 
L4440 was validated by sequencing. Validated plasmids were transformed into E. coli 





2.2.1 Nematode strains and maintenance  
The Bristol N2 strain (wild type) of Caenorhabditis elegans (C. elegans) was used for 
most experiments. The JK1107 (glp-1) strain of C. elegans was used to determine 
oxygen consumption. The ok195 strain of C. elegans (ucp-4 null) was used to 
investigate the requirement of ucp-4 for adaptation to prdx-3 repression. N2 and ucp-
4 strains of C. elegans were maintained and cultivated at 20°C on nematode growth 
medium (NGM) agar plates seeded with Escherichia coli (E. coli) strain OP50. Glp-1 
nematodes were maintained at 17°C and cultivated at 25°C on NGM agar plates to 
prevent progeny.  
To make NGM, we mixed 1.5 g NaCl, 8.5 g agar, 1.25 g peptone and 487.6 ml de-
ionised water in a 500 ml duran bottle. The agar was autoclaved to sterilise and melt 
it. After autoclaving, the agar and cooled to 55oC in a water bath. Using a laminar 
flow cabinet to maintain sterility of the agar, we added add 0.5 ml of sterile 1 M 
CaCl2, 0.5 ml of filter sterilised 5 mg/ml cholesterol (dissolved in ethanol), 0.5 ml of 
sterile 1 M MgSO4 and 12.5 ml of sterile 1 M KPO4 buffer to the agar and mixed by 
swirling. We dispensed NGM into sterile petri dishes using disposable serological 
pipettes in a laminar flow cabinet (Stiernagle 2006;Lewis and Fleming 1995).  
Growth of E. coli OP50, a uracil auxotroph (Brenner 1974), is limited on NGM plates. 
Limiting growth of E. coli facilitates visualisation and manipulation of nematodes. E. 
coli HT115 (DE3) is deficient in RNase III (Kamath et al. 2001). E. coli OP50, E. coli 
HT115 (DE3) and all strain of C. elegans used for this study were obtained from the 
Caenorhabditis Genetics Center (CGC). Single colonies of E. coli OP50 were picked 
from streak plated of agar supplemented with Luria Broth (LB) and grown in LB 
media for seeding of NGM plates. Transformed E. coli HT115 (DE3) were grown on 
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agar plates supplemented with LB, 50 µg/ml ampicillin and 10 µg/ml tetracycline. Un-
transformed E. coli HT115 (DE3) were grown on agar plates supplemented with LB 
and 10 µg/ml tetracycline. Single colonies of bacteria were picked into 5 ml of LB 
broth, supplemented with the appropriate antibiotics and grown overnight at 37oC at 
220 rpm to generate a starter culture. 200 µl of a starter culture was transferred into 
500 ml of LB, supplemented with the appropriate antibiotics and grown overnight at 
37oC at 220 rpm.  Bacteria were harvested by centrifugation at 5000 g for 10 min at 
4oC and concentrated to 1010 cells/ml (at 600 nm the concentration of bacterial cells 
at OD600 = 1 is 5 x 10
8 cells/ml) before being and stored at -80oC. NGM plates 
inoculated with bacterium were prepared stored at 4oC for up to one month. 50 µl of 
1010 cells/ml of E. coli were seeded on each 60 mm and 35 mm petri dishes and 500 
µl of E. coli were seeded on each 940 mm petri dish. 
For long term maintenance of nematodes without cryogenic storage, nematodes 
were allowed to enter the dauer state. In this state nematodes can be stored at 20oC 
for up to three months without food. To recover nematodes from dauer state a slice 
of NGM with dauer nematodes was transferred to fresh NGM plates seeded with E. 
coli OP50. 
2.2.2 Gene cloning 
2.2.2.1 RNA Isolation for Gene Cloning 
A slice of NGM with dauer nematodes was transferred onto fresh NGM plates and 
allowed to develop into a population of mixed aged nematodes. Nematodes were 
harvested and excess bacteria removed by washing with M9 buffer. Nematodes were 
transferred to a 1.5 ml microcentrifuge tube and excess M9 removed. Nematodes 
were re-suspended in 1 ml Trizol and gently vortexed at 4oC for approximately 20 
min for lysis.  200 µl of chloroform was added and samples vortexed for 30 s at room 
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temperature. Samples were incubated at room temperature for 3 min and centrifuged 
at 15 000 g at 4oC for 15 min. The aqueous phase was carefully transferred into a 
new microcentrifuge tube. 500 µl of isopropanol was added and mixed by inverting. 
Samples were incubated at room temperature for 3 min and centrifuged at 15 000 g 
at 4oC for 10 min to pellet RNA.  Supernatant was removed and the RNA pellet was 
washed with 1 ml 70% ethanol. Samples were centrifuged at 21 000 g at 4oC for 5 
min and ethanol removed. RNA pellets were allowed to air dry at room temperature 
and re-suspended in de-ionised water. RNA concentration was quantified using a 
NanoDrop 1000. RNA integrity was verified by running samples on a 1% w/v agarose 
gel.   
2.2.2.2 Gene Cloning via PCR 
Conversion of RNA to cDNA was carried out using a poly-T primer and 
manufacture’s protocols using the Super Script II kit (Invitrogen). DNA fragment 
coding for prdx-3 was amplified by PCR using cDNA template, the high fidelity Pfu 
DNA polymerase and the following oligonucleotide primers: prdx-3 5′ - GAG CTC 
AGG TGA TTT CTG ATC AAG ACT ACA AA -3′  and 5′ - TCT AGA TGA ATG ACA 
CCT ATT TAT TTA AAC CG -3′ , prdx-6 5’- GAG CTC GAT TAA AAC TCA AGA GAT 
G – 3’and 5’- TCT AGA TTC TGC CGA ACG TAG CCG GAT AGA GAA TCT - 3’,  
sod-2 5’- GAG CTC AGT CGC TGC TGT TCG CTC - 3’ and 5’- TCT AGA CGG TGA 
AAA CTT TTC ATT TGA - 3’. PCR cloned genes were validated by gene 
secquencing. 
2.2.2.3 Generation of dsRNA Generating Constructs 
L4440 was transformed into transformation competent E. coli BL21 DH5α (purchased 
from Invitrogen) for amplification. Amplified plasmid was isolated using the Wizard® 




PCR cloned gene fragments and plasmid L4440 were individually double digested 
with sacI and xbal (from New England Biolabs) using manufacture’s protocols. 
Linearized plasmid and gene fragments were mixed in a 1:10 ratio of no. of plasmid: 
no. of gene fragments and ligated using T-4 DNA ligase (from New England Biolabs) 
using manufacture’s protocol. 
Plasmid constructs were transformed into E. coli BL21 DH5α for amplification. 
Insertion of gene fragments into linearized L4440 was validated by gene sequencing. 
Validated plasmid constructs and empty vector were transformed into E. coli HT115 
(DE3) for expression of dsRNA. E. coli HT115 (DE3) was provided by the CGC. The 
CGC is funded by NIH Office of Research Infrastructure Programs (P40 OD010440). 
2.2.3 Generating transformation competent bacterial cells 
E. coli DH5α transformation competent cells, for amplification of RNAi constructs, 
were purchased from Invitrogen.  Transformation competent E. coli HT115 (DE3) 
cells were generated as described in ( 2002). Briefly, frozen cells were used to 
inoculate 500 ml of sterile LB broth and grown at 37oC at 220 rpm until they reach an 
absorbance of 0.3 to 0.4 (1 cm path length) at 600nm. Bacterial cells were harvested 
by centrifugation at 4073.2 g for 10 min at 4oC and re-suspended in 125 ml of ice 
cold 100 mM MgCl2. Bacterial cells were further concentrated by centrifugation at 
2606.8 g for 10 min at 4oC and re-suspended, first in 6.25 ml of ice cold 100 mM 
CaCl2 and then in a final volume of 125 ml of ice cold 100 mM CaCl2. Bacterial cells 
were incubated on ice for 20 min before concentration by centrifugation at 2606.8 g 
for 10 min at 4oC and re-suspend in 2.5 ml of ice cold, sterile 85 mM CaCl2 with 15% 
glycerol w/v.  The final suspension of competent cells were dispensed into 100 µL 
aliquots and frozen at -80oC.  
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2.2.4 Transformation of bacterial cells with RNAi constructs 
The transformation protocol used was based on (Invitrogen 2006). 10 ng of plasmid 
construct was added to 1 aliquot of competent cells (50 µl of E. coli BL21 DH5α or 
100 µl of E. coli HT115 (DE3)) and mixed by gentle stirring. The mixture was 
incubated on ice for 30 min. Following this the mixture was heat shocked at 42oC for 
20 s and then held on ice to rapidly cool. Yeast-tryptone (2YT) medium was added to 
a final volume of 1 ml and incubated at 37oC for 1 hr. Cells were plated onto LB agar 
plates supplemented with 50 µg/ml ampicillin and 10 µg/ml tetracycline when E. coli 
HT115(DE3) was transformed. Agar plates with transformed bacterium were 
incubated overnight at 37oC.  Colonies were picked and grown in 5 ml culture 
volumes of LB broth supplemented with 50 µg/ml ampicillin. 10 µg/ml tetracycline 
was added when E. coli HT115(DE3) was transformed. Cultures were incubated at 
220 rpm at 37oC overnight. The plasmids were isolated and sequenced. Once 
validated, the RNAi constructs were transformed into E. coli HT115 (DE3) for 
expression of RNAi.   
2.2.5 Induction of dsRNA Expression 
RNAi knock down of genes was achieved by feeding C. elegans from day 3 of life 
with bacteria expressing dsRNA against the targeted gene of interest. Expression of 
dsRNA in the bacteria was achieved by incubating NGM plates supplemented with 
25 µg/ml carbenicillin and 1 mM IPTG and seeded with bacteria carrying the plasmid 
constructs or empty vector overnight at 25oC (Kamath et al. 2001). 
2.2.6 Age Synchronisation of Nematodes 
Age synchronisation is based on (Stiernagle 2006). A slice of NGM with dauer 
nematodes are transfered onto fresh 950 mm NGM plates seeded with E. coli OP50 
and allowed to grow for two to three days, or until large numbers of gravid adults and 
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eggs are observed on plates. Using a serological pipette, 10 ml of M9 buffer (3 g 
KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, H2O to 1 litre. Sterilized by 
autoclaving) was used to harvest nematodes and eggs. Nematodes were transferred 
to a 50 ml conical tube. 4.3 ml of alkaline hypochlorite solution (mix 2 ml of 5 N 
NaOH with 4 ml of Clorox Bleach (5% hypochlorite solution)) was added to the 
nematode solution and incubated for up to 10 min at room temperature. During 
incubation the mixture was vortexed every 2 min and checked for dissolution of 
nematodes. Once adult nematodes were no longer observed under a microscope, or 
10 min, the mixture was centrifuged for 1 min at 1500 g at 4oC. The resulting pellet 
containing un-hatched eggs were washed three times using M9 buffer and finally re-
suspend pellet in 1.5 to 2 ml of M9 buffer. After counting the approximate number of 
eggs in 20 µl of the final mixture, approximately 1000 eggs were transferred to each 
950 mm NGM plate, seeded with E. coli OP50, for hatching. This method facilitates 
age synchronisation of a large number of nematodes and removes bacterial and 
yeast contamination from nematode stocks. 
2.2.7 Maintaining Age Synchronisation 
Age synchronisation was maintained by manually transferring nematodes to fresh 
plates taking care to minimise transfer of progeny. Young progeny were distinguished 
from parents by size. From days 3 to 8 of life, from the start of reproduction till 
several days after, nematodes were transferred to fresh plates daily. Care was taken 
to minimise transfer of visible progeny. On day 10 of life, nematodes were transferred 
to fresh plates. The gap in transfers between days 8 and 10 of life permited any 
progeny that remained to grow to a sufficient size to be easily distinguished and 
separated from the parents.  
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2.2.8 RNA isolation for Real-Time PCR 
Total RNA was extracted from 20 age synchronised nematodes per sample on day 7 
of life using the AbsolutelyRNA™ Microprep kit from Stratagene. Briefly, nematodes 
were harvested into M9 and washed 3 times. Excess M9 was removed and the 
samples snap frozen in liquid nitrogen three times and re-suspended in 100 µl of lysis 
buffer containing β-mercaptoethanol and vortexed gently for 20 min at 4oC. 100 µl of 
70% ethanol was added to the sample and samples were transferred to RNA binding 
spin cups. Matrix bound RNA was treated with DNAse and eluted in 22 µl of Elution 
Buffer, preheated to 60oC. 10.6 µl of RNA was used with SuperScript II First-Strand 
Synthesis Kit (from Invitrogen) with random hexamer primers, using manufacture’s 
protocol, to produce 20 µl of cDNA. 1 µl of cDNA was used per 20 µl real-time PCR 
reaction mixture. 
2.2.9 Real Time PCR conditions  
Real-time PCR probes were selected from the pre-designed and validated pool of 
TaqMan probes by Applied Biosystems. The following Gene Assays were used: 
Ce02422296_g1 (prdx-2), Ce02445521_g1 (prdx-3), Ce02407094_m1 (prdx-6), 
Ce02410775_g1 (sod-2) and Ce02507510_s1 (act-2: β-actin) as an internal control. 
PCR reactions (20 µl per well) contained 1 µl cDNA, 1 µl of Gene Assay, 10 µl 
GeneAmp® Fast PCR Master Mix (2x) and 8 µl water. Cycling conditions were: 95 °C 
× 10 min to activate hot start Taq polymerase followed by 40 cycles of 95 °C × 15 s + 
60 °C × 1 min. Cycling was achieved in 96 well plates on a 7500 Real Time PCR 
system (Applied Biosystems). Raw data were converted to cycle threshold (Ct) 
values using SDS version 2.1.1 software (Applied Biosystems) and relative 
expression levels were calculated using the ∆∆CT method. The formula for fold 
difference in gene expression of Test vs control sample is ∆∆CT =∆CT,test−∆CT,control, 




2.2.10 Lifespan studies 
On day 3 of life age-synchronised nematodes were transferred to NGM plates 
supplemented with 1 mM IPTG and 25 µg/ml carbenecillin and seeded with E. coli 
HT115 (DE3) expressing dsRNA against either prdx-3, prdx-6, sod-2, or empty 
vector. Expression of dsRNA was induced by incubating plates overnight on the 
bench prior to transferring nematodes onto the plates. Age synchronisation was 
maintained as described in Section 2.2.6. Nematodes were transferred to fresh 
plates on days 13 and 16 of life. After day 16 of life, nematodes were deemed too 
fragile for manual transfer.  Beginning on day 3 of life, nematodes were counted at 
least every 2 days throughout their lives. Those that failed to respond to mechanical 
touch were scored as dead and removed from the plates. Nematodes that had 
crawled off onto the sides of the plate and died away from the agar were censored.  
Scoring of nematodes was carried out by an experimenter blinded to the treatment 
conditions and samples were randomized. At the start of each lifespan study 
approximately 20 to 25 developmentally normal nematodes were transferred to each 
60 mm NGM plates supplemented with 1 mM IPTG, 25 µg/ml carbenecillin and 
seeded with E. coli HT115 (DE3) expressing dsRNA against either prdx-3, prdx-6, 
sod-2, or empty vector after induction of dsRNA. These plates were randomly 
relabelled into numeric sequence by another member of the laboratory. This person 
also labelled fresh 60 mm NGM plates supplemented with 1 mM IPTG, 25 µg/ml 
carbenecillin and seeded with E. coli HT115 (DE3) expressing dsRNA against either 
prdx-3, prdx-6, sod-2, or empty vector in numeric sequence. Nematodes were 
transferred by the “blinded” observer to fresh number matched plates as needed. The 
condition of each plate was only revealed after the last death was recorded.  
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2.2.11 Paraquat Challenge  
On day 7 of life, RNAi treated nematodes and control nematodes were transferred to 
NGM plates supplemented with 20 mM paraquat, 1 mM IPTG, 25 µg/ml carbenecillin 
and seeded with E. coli HT115 (DE3) expressing dsRNA against either prdx-3, prdx-
6, sod-2, or empty vector. Nematodes were scored dead or alive every 24 h until all 
nematodes were dead.  
2.2.12 Relative distance travelled   
Individual nematodes treated with either RNAi against prdx-3 or empty vector were 
placed in the centre of 35mm NGM plates that were completely covered in E. coli 
OP50 (about 250 µl of 1 x 1010 cells/ml) and allowed to travel for 15 min. Nematodes 
were removed and the whole of the 35 mm NGM plates was captured in a single 
photograph using a calibrated Leica MZ10F microscope (Leica, Singapore) at 4x 
magnification. Distance travelled was determined with the free curve tool provided by 
the Leica Application Suite software (v2.6.0 R1). Distances were normalized to the 
mean of distance travelled by the population of control nematodes. 10 nematodes 
were used per condition in each experiment. This experiment was repeated twice. 
2.2.13 Pharyngeal pumping 
Videos of nematodes treated with either RNAi against prdx-3 or empty vector were 
recorded on days 4, 6 and 10 at 160× magnification using a dissecting microscope 
(Leica MZ16) with attached camera (DFC 300 FX). At least 20 seconds of video were 
recorded for each animal (n = 10) and viewed in slow motion for accurate 




2.2.14 Motility phenotype 
Herndon et al. first described the four different categories of motility scored in this 
work (Herndon et al. 2002). Motility was scored after gentle prodding with a 
disposable worm pick. Nematodes with A-type motility were highly and 
spontaneously mobile. Their movement left sinusoidal tracks. Gentle tapping of agar 
near them caused movement.  Nematodes with B-type motility only moved when 
gently prodded. Movement of nematodes with B-type motility left sinusoidal tracks but 
were slower than observed in nematodes with A-type motility. Nematodes with C-
type motility were partly paralyzed with movements of only the head or tails when 
gently touched. Nematodes with D-type motility did not respond to gentle prodding 
and were scored dead. Scoring of motility was carried out concurrently with lifespan 
studies for nematodes treated with RNAi against prd-3 or sod-2 and scored by an 
observer blinded to treatment contitions.  
2.2.15 Egg laying assay 
N2 nematodes treated with prdx-3 RNAi or empty vector (n = 10, each) were 
transferred from hatching plates to individual egg-laying plates on day 3 of life. 
Nematodes were thereafter transferred every 24 h to fresh egg-laying plates until egg 
laying ceased. Eggs laid were allowed to hatch at room temperature and progeny 
were counted after 2 days. 
2.2.16 ATP assay 
100 nematodes were each transferred into 1.5 ml conical centrifuge tubes containing 
1 ml M9 buffer. Samples were allowed to incubate at room temperature for 30 min to 
allow bacteria in the gut of nematodes to be digested. Samples were centrifuged at 
400 g for 2 min at 4oC and washed three times with M9 buffer. After the final wash, 
M9 buffer was removed and samples snap frozen in liquid nitrogen and stored at -80 
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oC. 50 µl of ice cold 10% w/v trichloroacetic acid (TAC) was added to each sample. 
Samples were sonicated in an ice cold water bath and allowed to incubate on ice for 
15 min.  Samples were then centrifuged at 15,000 g for 5 min at 4oC to pellet debris. 
Supernatant was carefully transferred into a clean microcentrifuge tube (previously 
stored on ice) and centrifuged again at 15,000 g for 5 min at 4oC to ensure all debris 
are pelleted. 45 µl of the supernatant from 2 samples of the same RNAi treatment 
condition were pooled into a clean microcentrifuge tube. 5 µl of pooled sample and 
standards (final concentration of 1 x 10-6 to 1 x 10-11 M ATP) were transferred into a 
white 96 well microtiter plate, held on ice. To each well 150 µl arsenite buffer (80 mM 
MgSO4, 10 mM KH2PO4 and 100 mM Na2HASO4 freshly mixed in a 1:1:1 ratio and 
stored at room temperated) was added. Using a TECAN luminometer operated by 
Infinite i200 software (Infinite 200, Tecan), 45 µl of 2 mg/ml firefly lantern extract, 
prepared fresh, was injected into each well. Luminescence was  read for 10 s and 
signal integrated. 
2.2.17 Oxygen consumption 
The metabolic rate of whole C. elegans was determined using a Clark-type oxygen 
electrode (Hansatech, UK). 1 ml of air-saturated (21% oxygen) M9 buffer was used 
to allow the signal from the electrode to stabilise and used as a fixed point for 
generating the calibration curve. Age synchronised nematodes were harvested on 
day 7 of life into a conical 15 ml tube using 10 ml of M9 buffer. Excess M9 was 
aspirated, leaving a final volume of 1 ml. Air saturated M9 was replaced with 1 ml of 
nematodes in M9 buffer. Oxygen concentration was measured polographically for 2 
to 5 minutes. Nematodes were transferred to fresh 1.5 ml microcentrifuge tubes and 
allowed to settle for 5 to 10 min. M9 buffer was transferred back into the electrode 
chamber, being careful not to transfer nematodes, to measure the oxygen 
consumption rate of E. coli in M9 buffer. Nematodes were washed three times in M9 
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buffer and snap frozen in liquid nitrogen. 0% oxygen concentration in M9 was 
determined by allowing nematodes to deplete available oxygen. Oxygen 
consumption rates of nematodes were later corrected against bacterial controls. Final 
oxygen consumption rates were normalised by protein concentration using the Dc-
Protein Assay kit (Bio-Rad, Hercules, USA). This experiment was performed two 
times. 
2.2.18 Measurement of general reactive oxygen species  
100 nematodes per sample were transferred into each well of a black 96-well plate 
containing 100 µl M9 buffer. To each well 100 µl of 100µM Dichlorofluoresceine-
diacetate (DCFDA) (Invitrogen). DCFDA is light sensitive. Samples with DCFDA were 
protected from light exposure. ROS associated fluorescence levels were measured 
kinetically using a fluorescence plate reader (SpectraMax Gemini EM, Molecular 
Devices, Sunnyvale, USA) at excitation 485 nm and emission 520 nm, room 
temperature, every 2 min for 14 h. Samples were mixed for 5 s before the first 
reading and for 3 s before each subsequent reading. Data were normalised to 
bacterial controls, composed of 100 µl E. coli HT115 (DE3) expressing dsRNA 
against prdx-3 or empty vector containing M9 buffer in separate wells on the same 
plate. Four samples per condition were used. This experiment was performed three 
times..  
2.2.19 Protein carbonyl determination 
200 nematodes per sample were collected in 1 ml of M9 buffer in 1.5 ml 
microcentrifuge tubes. Samples were washed three times with M9 buffer to remove 
bacteria and debris and re-suspended in 100 µl nematode lysis buffer (1 x phosphate 
buffered saline (1st Base, Singapore), 0.1% v/v Tween-20, 1 mM 
phenylmethylsulfonyl fluoride  protease inhibitor, 50 mM dithiothreitol, water). 
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Samples were ultra-sonicated on ice at 70% amplitude for 2 min of 20 pulses of 5 s 
each, with 1 s between pulses. 
Protein concentration was measured in triplicate using the BioRad Protein Assay (i.e. 
the Bradford Assay).  A twofold serial dilution of 1.5 mg/ml bovine serum albumin 
(BioRad) was used to generate standards. The BioRad dye reagent was warmed to 
room temperature and diluted four times with de-ionized water. 10 µl of sample and 
standards were pipetted into 96 well plates in triplicates. 200 µl of diluted dye reagent 
was added to each well. Samples were incubated at room temperature for 20 min. 
Protein concentration was determined at 595 nm using a TECAN luminometer 
operated by Infinite i200 software (Infinite 200, Tecan).  
2 µg of protein (diluted to a final volume of 5 µl) per sample was transferred into 0.5 
ml microcentrifuge tube and used for derivatisation of proteins. To each sample, 5 µl 
of 12% sodium dodecyl sulfate was added to denature proteins. To each sample 10 
µl of 1 x 2, 4-dinitrophenylhydrazine or 1 x derivatisation control solution (for no 
derivatisation controls) were added. Samples were incubated for 15 min at room 
temperature. 7.5 µl of neutralisation solution was added to quench the derivatisation 
reactions, turning derivatised samples orange and controls remaining colourless.  
The Bio-Dot SF Microfiltration Apparatus (BioRad) was assembled according to the 
manufacturer’s instructions. Once assembled, 25 µl of derivatised samples or 
controls were loaded into each well. Once samples were absorbed into nitrocellulose 
membranes (BioRad), membranes were washed with 1 x tris buffered saline (1st 
Base).  
Membranes were incubated at room temperature for 1 hr with blocking buffer (1 x 
phosphate buffered saline, 1% w/v bovine serum albumin, 0.05% Tween-20, 
deionised water) to prevent non-specific antibody binding. Membrane were incubated 
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at room temperature on a shaker with rabbit anti-2, 4-dinitrophenylhydrazine antibody 
(Chemicon International) (1: 300, antibody: blocking buffer) followed by incubation 
with horseradish peroxidase conjugated anti-rabbit IgG antibody 1: 300, antibody: 
blocking buffer) for 1 hr at room temperature on a shaker. After each incubation with 
an antibody, membranes were washed with 1 x PBS-T (1 x phosphate buffered 
saline, 0.05% v/v Tween-20). Chemiluminescence was generated using SuperSignal 
West Dura Extended Duration Substrate (Pierce). Images were taken using a BioRad 
ChemiDoc XRS system and Quantity One. Images were analyzed using Image J to 
determine the extent of oxidative protein damage. 
2.2.20 Statistical analysis 
For statistical analysis GraphPad Prism version 5.00 for Microsoft Windows, 
GraphPad Software, San Diego (USA) was used. Data are reported and plotted as 
mean ± SEM unless otherwise stated. Group differences were assessed using 
unpaired t-test (single comparison), ANOVA, linear regression and survival analysis 





3.1 Effects of Repression of PRDX Gene Expression in Adult C. elegans 
3.1.1 Validation of Repression of PRDX Expression 
In C. elegans, detoxification of mitochondrial hydrogen peroxide is primarily achieved 
by the activity of prdx-3. To determine if post developmental feeding with bacteria 
expressing dsRNA effectively repressed expression of PRDX in adult nematodes, we 
used real time PCR to compare gene expression between nematodes fed bacteria 
expressing dsRNA (RNAi treated) and nematodes fed bacteria carrying empty vector 
(control treated).  
We found that prdx-3 RNAi treated nematodes had significantly reduced prdx-3 
expression. The feeding protocol we used repressed expression of prdx-3 in RNAi 
treated nematodes to approximately 22% ± 9% (mean ± SEM: p<0.05, n=3) of 
expression levels observed in control nematodes. Figure 3.1 shows the expression of 
prdx-3 in prdx-3 RNAi treated nematodes relative to control nematodes. These data 
show that feeding nematodes RNAi targeted at prdx-3 efficiently repressed 





Figure 3.1. Gene expression levels following RNAi mediated knock-down of prdx-3 in 
wild type nematodes. In prdx-3 RNAi treated nematodes, prdx-3 expression levels 
were approximately 22% ± 9% (Mean ± SEM) the expression levels observed in 
control nematodes (t-test: p<0.05, n=3). No significant change in the expression of 
sod-2, prdx-2 and prdx-6 was observed. This experiment was performed once using 
3 independent extractions. 
 
To date, data have not been presented on the role of the peroxisomal PRDX (prdx-6) 
in determining lifespan of C. elegans. We investigated the role of prdx-6 in 
determining lifespan of nematodes by repressing prdx-6 expression using RNAi 
treatment. Our RNAi protocol repressed expression of prdx-6 to approximately 28% ± 
3% (mean ± SEM: p<0.001, n=3) of levels observed in control nematodes. Figure 3.2 
shows the expression of prdx-6, prdx-2, prdx-3 and sod-2 in prdx-6 knock down 





Figure 3.2. Gene expression changes in PRDXs and sod-2 when prdx-6 expression 
was repressed.  In nematodes where prdx-6 expression was repressed, prdx-6 
expression levels were approximately 28% ± 3% (mean ± SEM) the expression 
levels observed in control nematodes (t-test: p<0.001, n=3). Expression of sod-2 in 
nematodes treated with RNAi against prdx-6 was 69% ± 7% (mean ± SEM) of the 
levels observed in control nematodes (t-test: p<0.05, n=3). Expressions of prdx-2 and 
prdx-3 were not significantly altered. This experiment was performed once using 3 
independent extractions. 
 
Nematodes express three homologues of PRDX. These are prdx-2 (cytosolic), prdx-3 
(mitochondrial) and prdx-6 (peroxisomal). To exclude the possibility that increased 
expression of homologues might be elevated to maintain total hydrogen peroxide 
detoxification capacity, we compared expression of all known PRDXs in nematodes 
treated with RNAi against prdx-3 or prdx-6 against control nematodes. We found that 
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in prdx-3 and prdx-6 knock down nematodes expression of PRDX homologues were 
not altered, Figure 3.1 and Figure 3.2.  
It is possible that repression of prdx-3 resulted in altered expression of sod-2, 
responsible for dismutation of mitochondrial superoxide. We found that repression of 
prdx-3 expression did not alter expression of sod-2, Figure 3.1. Interestingly 
repression of prdx-6 caused a mild but significant repression of sod-2 expression, 
approximately 69% ± 7% (mean ± SEM: p<0.05, n=3) of the expression levels 
observed in control nematodes, Figure 3.2. A comparison of data published by the 
Hekimi laboratory (Yang et al. 2007;Van Raamsdonk and Hekimi 2009) of the 
differences when sod-2 expression was constitutively knocked down and when sod-2 
expression was knocked out suggests that residual expression of sod-2 might be 
sufficient to maintain superficially normal life under unstressed laboratory conditions. 
We therefore suggest that 32% repression of sod-2 in prdx-6 knock down nematode 
expression might not be responsible for alterations we might observe in these 
nematodes. Prdx-6 and sod-2 are expressed in different compartment of cells. We 
suggest that mild sod-2 repression was a secondary effect of homeostatic 
mechanisms when prdx-6 expression was repressed.   
3.1.2 The Effects of Repressing PRDXs on Lifespan 
To determine if lifespan was altered when expression of prdx-3 or prdx-6 was 
repressed in adult nematodes, we conducted lifespan studies in which samples were 
randomized and the observer blinded to treatment conditions (see Section 2.2.10). 
Since all nematodes used for these studies were developmentally normal, 
nematodes treated with RNAi against prdx-3 or prdx-6 could not be visually 
distinguished from control nematodes based on size and morphology. Randomization 
of samples and blinding of the observer scoring live or dead minimised observer bias 
of the data recorded. 
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We expected that repression of prdx-3 might impair mitochondrial ROS detoxification, 
eventually leading to the accumulation of elevated levels of oxidative damage and 
accelerated ageing. Surprisingly, we found that while prdx-3 expression was 
efficiently repressed, the lifespan of prdx-3 RNAi treated nematodes was not 
significantly different from that of control nematodes, Figure 3.3. Similar results were 
observed when we compared survival of prdx-6 RNAi treated nematodes against 
control nematodes, Figure 3.4. Mitochondria are an important source of ROS in cells. 
Impaired expression of a gene responsible for detoxifying approximately 90% of 
hydrogen peroxide in mitochondria (in humans at least) is expected to increase ROS 
production and consequently oxidative damage. The mFRATA proposes that 





Figure 3.3. Survival of prdx-3 RNAi treated and control nematodes.  A representative 
survival curve of prdx-3 RNAi treated and control nematodes from three independent 
experiments. The survival of animals treated with prdx-3 RNAi was not significantly 
different from animals treated with empty vector (Survival analysis; Log-Rank test). n 





Figure 3.4. A comparison of survival between control nematodes and prdx-6 RNAi 
treated nematodes.  The survival of prdx-6 RNAi treated nematodes was similar to 
control nematodes (Survival analysis; Log-Rank test). The mean and maximum 
lifespan of prdx-6 RNAi treated nematodes did not differ from the mean and 
maximum lifespan of control nematodes. n > 100 nematodes per condition. This 




3.1.3 Effects of prdx-3 Repression on Sensitivity to an Exogenous ROS 
Generator 
Repressed expression of an antioxidant defence gene might be expected to impair 
antioxidant defences and to elevate levels of oxidative stress. To validate that 
antioxidant defences were indeed functionally impaired when prdx-3 expression was 
repressed, we exposed prdx-3 RNAi treated or control nematodes to 20mM paraquat 
from day 7 of life onwards. Paraquat generates ROS by catalysing the transfer of 
single electrons from the quinone group of complex I and complex III of the ETC to 
molecular oxygen to generate superoxide in the mitochondrial matrix (Dinis-Oliveira 
et al. 2008). Treatment of nematodes with paraquat significantly increases incidence 
of internal hatching of eggs. (Van Raamsdonk and Hekimi 2009;Gruber et al. 2011). 
It is unclear if increased internal hatching was due to altered ROS status or a specific 
pathology of paraquat exposure. Treatment of nematodes with 20 mM paraquat after 
the main reproductive phase minimised the incidence of death due to internal 
hatching. Nematodes that experienced internal hatching were censored from the 
population. The survival times of prdx-3 RNAi treated nematodes were significantly 
shorter than control nematodes (Log-Rank test: p<0.001). Figure 3.5 is a typical 
graph of the survival of prdx-3 RNAi treated nematodes and control nematodes upon 
exposure to 20 mM paraquat. Prdx-3 RNAi treated nematodes were significantly 
more sensitive to 20 mM paraquat than control nematodes (Log-Rank test: p<0.001, 
n=96), Figure 3.5. The mean and maximum survival times of prdx-3 RNAi treated 
nematodes, 80 hrs and 102 hrs respectively, were significantly shorter than the mean 
and maximum survival times of control nematodes, 90 hrs and 132 hrs respectively 
(t-test: p<0.005 and p<0.001, mean and maximum), Figure 3.5. Elevated sensitivity 
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to an exogenous ROS generator verified that antioxidant defence was impaired when 
prdx-3 expression was repressed in developmentally normal adult nematodes.  
 
 
Figure 3.5.Representative survival proportions of prdx-3 RNAi treated and control 
nematodes when exposed to 20 mM paraquat from Day 7 onwards from three 
independent experiments.  Prdx-3 RNAi treated nematodes were more sensitive to 
20 mM paraquat than control nematodes (Log-Rank test: p<0.001, n > 70 nematodes 
per condition). The mean and maximum survival times of prdx-3 RNAi treated 
nematodes (80 hrs and 102 hrs, respectively)were significantly less than the mean 
and maximum survival times of control nematodes (90 hrs and 132 hrs, 




3.1.4 Effects of prdx-3 Repression on Oxidative Protein Damage Levels 
Impairment of ROS detoxification capacity is expected to increase oxidative damage 
accumulation. Having verified that antioxidant defences were impaired when prdx-3 
expression was repressed, we investigated oxidative damage accumulation. We 
compared the levels of oxidative protein damage between prdx-3 RNAi treated 
nematodes and control nematodes to determine if impaired prdx-3 mediated 
antioxidant defences were associated with increased oxidative damage 
accumulation. Levels of oxidative protein damage in whole nematode lysates were 
determined by quantification of protein carbonyls, a marker of ROS-mediated protein 
damage. Surprisingly, we found that on day 7 of life oxidative protein damage 
accumulation in prdx-3 RNAi treated nematodes and control nematodes were similar, 
Figure 3.6. The lack of elevated oxidative protein damage when prdx-3 expression 
was repressed supports the suggestion that in the absence of normal antioxidant 
defences, there exist compensatory mechanisms that attenuate levels of oxidative 




Figure 3.6. Protein carbonyl content. (A) Averaged protein carbonyl content (Mean ± 
SEM) of control treated and prdx-3 RNAi treated nematodes relative to controls from 
three independent experiments. The protein carbonyl content of prdx-3 RNAi treated 
nematodes was not significantly different from control treated nematodes. n = 9. (B) 





3.1.5 Effects of prdx-3 Repression on Generalised Production of Reactive 
Oxygen Species 
Accumulation of oxidative damage depends on several factors. These factors are 
gross ROS production (how much ROS is produced), net ROS production (ROS not 
detoxified = gross ROS production – ROS detoxified), amount of oxidative damage 
due to net ROS production and finally amount of oxidative damage either repaired or 
replaced. Increased sensitivity of prdx-3 RNAi treated nematodes to 20 mM paraquat 
suggest that ROS detoxification capacity in these nematodes was reduced. One 
explanation for normal levels of oxidative damage when ROS detoxification capacity 
was impaired, in prdx-3 RNAi treated nematodes, is increased repair or replacement 
of damaged components to offset increased incidence of oxidative damage. Repair 
and replacement of oxidatively damaged components are mediated via ATP, 
enzyme, ubiquitin and chaperone dependent mechanisms (e.g. enzymatic reduction 
of oxidised thiol groups, 26S proteosome, macroautophagy and microautophagy). 
Oxidatively damaged proteins are also degraded via the 20S proteosome 
independently of ATP and ubiquitin ligation (Shang and Taylor 2011;Benbrook and 
Long 2012;Ciechanover 2012;Davies 2000;Dexheimer 2013;Chondrogianni et al. 
2012). Increased repair and replacement of damaged components is necessary if net 
ROS production was also elevated. Alternatively, gross ROS production might be 
attenuated. Normal levels of oxidative protein damage would therefore be a 
consequence of sufficient attenuation of gross ROS production such that net ROS 
production remains unchanged. To determine if normal levels of oxidative protein 
damage were due to changes in gross ROS production or increased repair and 
replacement of damaged components we compared the rate of net ROS production 
in prdx-3 RNAi treated nematodes and control nematodes by treating them with 
70 
 
dichlorofluorescein diacetate (DCFDA), a fluorescence detection assay of 
generalised ROS production.   
In cells, DCFDA accumulates in the cytoplasm and is cleaved by endogenous 
esterases into dichlorodihyrodfluorescein (DCFH). DCFH reacts with reactive species 
to form the fluorescent dichlorofluorescein. Peroxides and superoxide oxidise DCFH 
only very slowly (Halliwell and Gutteridge 2007). Radicals generated by peroxides 
and superoxide reacting with free metal ions, however, rapidly oxidise DCFH. Thus 
DCFDA is an indirect measure of global ROS production rather than a specific 
measure of peroxide generation. Figure 3.7C shows the chemical structures of 
DCFDA, DCFH and dichlorofluorescein. The use of DCFDA as a marker of 
generalised ROS production in whole nematodes has previously been validated in 
our laboratory (Fong et al. 2010). 
We found that net ROS production in prdx-3 RNAi treated nematodes was not 
significantly altered. Figure 3.7A shows the averaged rate of net ROS production in 
prdx-3 RNAi treated nematodes relative to control nematodes (n = 3 independent 
experiments). Figure 3.7B is a typical graph of net ROS production in prdx-3 RNAi 
treated nematodes and control nematodes. Normal levels of net ROS production in 
prdx-3 RNAi treated nematodes suggest that in these nematodes, gross ROS 
production was impaired. Thus normal levels of oxidative protein damage in prdx-3 
RNAi treated nematodes maybe due to attenuation of gross ROS production, to 
maintain normal net ROS production, rather than increased repair or replacement of 






Figure 3.7. The rate of net ROS production.  (A) The averaged relative rate of net 
ROS production (Mean ± SEM) for three independent samples normalised to control 
nematodes. ROS production was similar between prdx-3 RNAi treated nematodes or 
control treated nematodes. (B) A typical graph of net ROS production as evaluated 
using whole nematode DCFDA assay in intact nematodes. This experiment was 
performed three times. The rate of ROS production in prdx-3 RNAi treated 
nematodes was not significantly different from control nematodes. n = 100 
nematodes per condition. (C) Structures of DCFDA, DCFH generated by cleavage of 




3.1.6 Effects of prdx-3 Repression on Health 
The effects of impaired prdx-3 expression on the fitness of these nematodes were 
examined. Measurements of motility can be used to investigate the health status and 
thus healthspan, of C. elegans (Schaffer et al. 2011). To determine if repression of 
prdx-3 expression altered healthspan, we determined the motility type of surviving 
nematodes. During the course of lifespan studies, motility type of nematodes were 
scored by observers blinded to treatment conditions (see Section 2.2.14). The 
motility of nematodes can be divided into three broad categories (Herndon et al. 
2002): A-type movement, these nematodes moved either spontaneously or after 
touch stimuli with vigorous sinusoidal movements; B-type movement, these 
nematodes moved only in response to touch stimuli with sinusoidal movements; C-
type movement, these nematodes were partially paralysed and moved only their 
heads or tails when touched; nematodes that did not respond to touch were scored 
as dead.  
We observe that, generally, A-type was predominant in young and early middle aged 
nematodes (nematodes that are relatively healthy), B-type motility was prevalent in 
middle aged nematodes and C-type motility became prevalent within the population 
at old age. Figure 3.8A is a typical motility distribution observed in prdx-3 RNAi 
treated nematodes or control nematodes. Figure 3.8B shows the average motility 
score of nematodes treated with either empty vector or prdx-3 RNAi. The motility 
scores of nematodes treated with either empty vector or RNAi against prdx-3 were 
similar throughout life. However, when we compared the A-type motility of prdx-3 
RNAi treated nematodes and control nematodes to compare their relative health, we 
found that while the maximum time spent in A-type motility by prdx-3 RNAi treated 
nematodes, 18 days, was less than that of control nematodes, 20 days (t-test: 





Figure 3.8. The motility class of nematodes (a measure of healthspan). (A)The 
typical motility distribution of nematodes throughout life into three activity classes. (B) 
The averaged motility score of nematodes treated with either empty vector or prdx-3 
RNAi from 3 biologically independent experiments. The motility scores of nematodes 
treated with prdx-3 RNAi or empty vector were not significantly different. (C) A typical 
transition from A-type motility to non A-type motility in prdx-3 RNAi treated 
nematodes and control nematodes. This experiment was performed three times. 
Maximum healthspan of prdx-3 RNAi treated animals was shorter than control 






3.1.7 Effects of Repressing prdx-3 on Reproductive Fitness 
Increased stress or limited availability of resources is known to impede reproduction. 
This decreased reproductive rate is thought to be at least in part due to a mechanism 
by which sufficient resources can be directed to the maintenance of the soma until an 
organism enters an environment more conducive for reproduction and development. 
Impaired antioxidant defences, via repression of prdx-3, might result in impaired 
reproductive fitness.  
To determine if reproductive fitness was impaired by repression of prdx-3, we 
compared the reproductive schedules of prdx-3 RNAi treated nematodes and control 
nematodes by counting the number of viable progeny produced each day. Consistent 
with the expectation of reduced reproductive capacity, we found that the total brood 
size of nematodes treated with RNAi against prdx-3 was significantly smaller than the 
total brood size of control nematodes (t-test: p<0.0001, n=10). Nematodes treated 
with RNAi against prdx-3 produced 25% less progeny than control nematodes, 





Figure 3.9. A typical reproductive schedule for prdx-3 RNAi treated nematodes and 
control nematodes.  This experiment was performed twice. Prdx-3 RNAi treated 
nematodes produced significantly fewer progeny than control nematodes on Days 3 
to 5 (ANOVA, Bonferroni multiple comparison: p<0.01, n = 10). 
 
Importantly, RNAi against prdx-3 was introduced only upon the onset of reproductive 
maturity on day 3 of life. The Ahringer lab (Kamath et al. 2001) has reported that at 
least 48 hrs of feeding with dsRNA was necessary to achieve efficient gene knock 
down in whole nematodes. Interestingly, however, we observed a significant and 
immediate reduction in progeny production on day 3 of life, when RNAi treatment 
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was first administered (ANOVA, Bonferroni multiple comparisons: p<0.0001, n=10). 
Figure 3.9 compares the reproductive schedule of prdx-3 RNAi treated nematodes 
against the reproductive schedule of control nematodes. The number of progeny 
produced on days 3, 4 and 5 by prdx-3 RNAi treated nematodes was significantly 
lower than the number of progeny produced by control nematodes (ANOVA: 
p<0.0001, n=10). The number of progeny produced after the main reproductive 
phase was not significantly different between prdx-3 RNAi treated nematodes or 
control nematodes. This immediate and persistent reduction in brood size in prdx-3 
RNAi treated nematodes shows that repression of prdx-3 in adult nematodes had an 
immediate effect on reproductive fitness of these nematodes.   
3.1.8 Effects of Repressing prdx-3 on General Fitness 
Advancing age is generally accompanied by a progressive decline in physical fitness.  
In nematodes the rate of pharyngeal pumping is one such parameter that declines 
with increasing age. In nematodes, feeding is accomplished by the pumping action of 
the pharynx. This pumping motion serves to take in water and food, simultaneously 
concentrating the food before it passes into the gut of nematodes. The rate of 
pharyngeal pumping is indicative of the rate of feeding and fitness. To determine if 
repression of prdx-3 expression impaired general fitness we compared the rate of 
pharyngeal pumping of prdx-3 RNAi treated nematodes and control nematodes over 
several days. We observed that the rate of pharyngeal pumping in prdx-3 RNAi 
treated nematodes was significantly slower than control nematodes (ANOVA: 
p<0.001). Figure 3.10 is a graph of the average rate of pharyngeal pumping on days 
4, 6 and 10 of life of prdx-3 RNAi treated nematodes and control nematodes. 






Figure 3.10. Average rate of pharyngeal pumping of prdx-3 RNAi treated nematodes, 
across 3 independent experiments, was observed to be consistently lower than 




3.1.9 Effects of prdx-3 Repression of Distance Travelled 
Reduced fitness, in nematodes treated with prdx-3 RNAi, suggest that these 
nematodes are less able to explore the environment for new resources as well as 
escape hazardous environments. The rate of nematode locomotion can be used to 
assess its ability to explore and traverse its environment.  We used the distance 
travelled within 15 minutes after transfer to a fresh plate to determine locomotion 
rate, another measure of fitness, in prdx-3 RNAi treated nematodes or control 
nematodes on day 7 of life. Using this assay, we determined that prdx-3 RNAi treated 
nematodes travelled only 67% ± 10% (mean ± SEM) the distance travelled by control 
nematodes (t-test: p < 0.05, n > 8 nematodes per condition). Figure 3.11 shows the 
average distance travelled by prdx-3 RNAi treated nematodes or control nematodes. 
Post developmental repression of prdx-3 would thus impair the ability of nematodes 




Figure 3.11. The typical distance travelled after 15 min relative to controls was 
measured on Day 7.  This experiment was performed twice. Prdx-3 RNAi treated 
nematodes travelled approximately 67% ± 10% (Mean ± SEM) the distance travelled 
by control nematodes (t-test: p < 0.05, n > 8 nematodes per condition). 
3.1.10 Effects of prdx-3 Repression on Levels of ATP  
Reproduction, movement rate and pharyngeal pumping are all processes that are 
dependent on the availability of metabolic energy. Deficits in all these processes 
suggest reduced energy availability in nematodes with repressed expression of prdx-
3. To determine if energy availability was altered we compared levels of ATP in prdx-
3 RNAi treated nematodes and control nematodes. We observed that levels of ATP 
in prdx-3 RNAi treated nematodes were approximately 59% ± 14% (Mean ± SEM) 
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that of control nematodes (t-test: p<0.001, n=6), Figure 3.12. Our data suggest that 
reductions in fecundity and physical activity could have been due to a significant 
decline in available energy.  
 
Figure 3.12. Average concentration of ATP per worm across two independent 
experiments.  Steady state concentration of ATP prdx-3 RNAi treated nematodes 
was approximately 59% ± 14% (Mean ± SEM) the levels found in control nematodes 




Repression of prdx-3 expression resulted in declines in energetically demanding 
processes. Our data suggest that this was most likely due to reduced energy 
availability. Furthermore reduced expression of prdx-3 also resulted in a reduction in 
the gross ROS generated in cells. In the mitochondria, the production of ATP and 
generation of ROS are dependent on the membrane potential of the inner 
mitochondrial membrane. 
3.1.11 Effects of prdx-3 Repression on Oxygen Consumption 
Mitochondria are a major source of ROS in cells. Gross ROS production in 
mitochondria and ATP synthesis rate depends on the proton motive force (PMF). 
Reduced PMF is expected to simultaneously depress gross ROS production and 
ATP synthesis rates. Mild uncoupling of mitochondria, i.e. increased inflow of protons 
into the mitochondrial matrix independent of ATP synthase activity, is one 
mechanism by which PMF can be reduced. Mild uncoupling of mitochondria is 
characterised by reduced gross ROS production, reduced ATP synthesis and 
increased consumption of molecular oxygen.  
To determine if mild uncoupling of mitochondria might be an adaptive response to 
repression of prdx-3 expression, we compared the rate of oxygen consumption in 
prdx-3 RNAi treated nematodes and control nematodes. Figure 3.13 shows the rate 
of oxygen consumption per milligram of protein of prdx-3 RNAi treated nematodes or 
control nematodes. We found that the oxygen consumption rate of prdx-3 RNAi 
treated nematodes was approximately double that of control nematodes (t-test: p < 
0.05, n=3 independent samples). Our data are supportive of mild mitochondrial 





Figure 3.13. Typical oxygen consumption per umol/h/mg protein. Prdx-3 RNAi 
treated nematodes consume approximately twice as much oxygen (Mean ± SEM) as 
control nematodes (t-test: p < 0.001, n = 3 independent samplings from a single 
cohort per condition). This experiment was performed twice. 
 
3.1.12 Effects of prdx-3 Repression on Mitochondrial Number 
Steady state levels of ATP are the difference between the rates of ATP synthesis and 
ATP consumption by cells. Another interpretation of increased oxygen consumption 
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and reduced levels of ATP might also be ATP consumption rates increasing 
significantly more than ATP synthesis rates. Increased ATP synthesis rate requires 
an increase in PMF if the number of mitochondria is unchanged. Regulation of 
mitochondrial number, ATP synthesis rates and gross ROS production are complex 
processes. To determine if these changes were due to increased number of 
mitochondria we determined mitochondrial copy number. However, we found that 
repression of prdx-3 expression did not alter mitochondrial copy number, Figure 3.14.  
 
Figure 3.14. Mitochondrial copy number in prdx-3 RNAi treated nematodes relative 
to control nematodes.  Mitochondrial copy number in prdx-3 RNAi and control 




In the absence of altered mitochondrial copy number and given that total available 
energy was reduced (as determined by reduced food intake due to reduced 
pharyngeal pumping) when prdx-3 expression was impaired, we believe that 
increased energy demand as an explanation for reduced steady state levels and 
increased respiration is unlikely. We interpret our results to suggest mild uncoupling 
of mitochondria as an adaptive response to impaired hydrogen peroxide 
detoxification due to repressed prdx-3 expression in developmentally normal 
nematodes.    
3.1.13 Involvement of Mitochondrial Uncoupling Protein  
Classically, uncoupling of the ETC is mediated by a family of uncoupling proteins 
(UCPs). In C. elegans, a single mitochondrial uncoupling protein, UCP-4, has been 
reported (Iser et al. 2005). Reports of elevated ATP levels and mitochondrial 
membrane potential (Iser et al. 2005), in mutants with non-functional UCP-4, 
suggests that UCP-4 is an important modulator of mitochondrial uncoupling in C. 
elegans. Our data suggest that mild uncoupling might be an adaptation to repression 
of prdx-3 expression. To determine if this was mediated by ucp-4, we investigated 
the effects of repressing expression of prdx-3 in adult ucp-4 knockout mutants. In the 
absence of ucp-4, we expected to observe increased accumulation of oxidative 
damage, increased sensitivity to exogenous ROS generators and shortened lifespan.   
We found that repression of prdx-3 expression in ucp-4 knockout nematodes did not 
shorten lifespan. In fact repression of prdx-3 expression caused a mild but significant 
extension of lifespan in the ucp-4 knockout background (Log-Rank test: p<0.001, 





Figure 3.15. The survival of the ucp-4 null treated nematodes with prdx-3 RNAi or 
empty vector.  Ucp-4 null nematodes treated with prdx-3 RNAi are longer lived than 
ucp-4 null nematodes treated with empty vector (Survival Analysis: Log-Rank test, p 
< 0.001, n = 140). This experiment was performed once. 
 
Consistent with our observation in the wild type background (N2), repression of prdx-
3 in ucp-4 knockout nematodes increased their sensitivity to 20 mM paraquat as 
compared to ucp-4 knockout control nematodes (Log-Rank test: p<0.0001, n=96), 




Figure 3.16. Survival of ucp-4 null nematodes treated with prdx-3 RNAi and empty 
vector upon exposure to 20 mM paraquat from Day 7 onwards.  ucp-4 null animals 
treated with prdx-3 RNAi are more susceptible to 20mM paraquat than ucp-4 null 
animals treated with empty vector with mean lifespans being 90 hrs and 112, 
respectively (Survival Analysis: Log-Rank test, p < 0.0001, n = 96). This experiment 




Interestingly, sensitivity to 20 mM paraquat of ucp-4 knockout nematodes treated 
with prdx-3 RNAi or empty vector was not different from similarly treated N2 
nematodes, Figure 3.17. Our data show that loss of UCP-4 did not enhance the 
severity of the prdx-3 knock down phenotype under conditions of elevated oxidative 
stress. It therefore appears unlikely that mitochondrial uncoupling as a response to 
repression of prdx-3 expression was mediated by UCP-4.  
 
 
Figure 3.17. Survival of N2 and ucp-4 null nematodes treated with prdx-3 RNAi upon 
exposure to 20 mM paraquat from Day 7 onwards.  Ucp-4 null animals treated with 
prdx-3 RNAi are not more susceptible than N2 animals treated with prdx-3 RNAi 
(Survival Analysis: Log-Rank test, n = 96). This experiment was performed once. 
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3.2 Effects of prdx-6 Repression on Fitness  
We observed clear fitness impairment when prdx-3 expression was repressed. Given 
that prdx-6 is peroxisomal, rather than mitochondrial, it would be interesting to 
compare any changes that occur. We thus explored changes in reproductive and 
general fitness when prdx-6 expression was repressed in adult nematodes.      
3.2.1 prdx-6 and Reproductive Fitness 
Similar to nematodes with repressed expression of prdx-3, the reproductive schedule 
of nematodes treated with RNAi against prdx-6 was significantly different from control 
nematodes (ANOVA: p<0.05, n=10), Figure 3.18. On day 3 of life, when RNAi 
against prdx-6 was first administered, prdx-6 knock down nematodes produced 
significantly more progeny than control nematodes (ANOVA, Bonferroni multiple 
comparisons: p<0.001, n=10). On Days 4 and 5, however, brood size in nematodes 
treated with RNAi against prdx-6 was significantly lower than control nematodes 
(ANOVA, Bonferroni multiple comparisons: p<0.01, n=10). Unlike nematodes with 
repressed mitochondrial PRDX, the total brood size of nematodes treated with RNAi 
against prdx-6 was not significantly different from control nematodes. While it 
appears that nematodes respond to repression of prdx-6, we suggest that the overall 
reproductive fitness of nematodes with repressed expression of prdx-6, under 
laboratory conditions, was not altered. The reason for the temporal changes in 
progeny production is unclear. While our data are preliminary (due to time 
constraints, this experiment was performed once), they are in agreement with data 




Figure 3.18. Comparison of reproductive schedule of nematodes treated with RNAi 
against prdx-6 and control nematodes.  The reproductive schedule of nematodes 
treated with RNAi against prdx-6 was significantly different from the reproductive 
schedule of control nematodes (ANOVA: p<0.05, n=10). On day 3 of life, nematodes 
treated with RNAi against prdx-6 produced significantly more progeny than control 
nematodes (ANOVA, Bonferroni multiple comparisons: p<0.0001, n=10). On days 4 
and 5 of life, nematodes treated with RNAi against prdx-6 significantly less progeny 
than control nematodes (ANOVA, Bonferroni multiple comparisons: p<0.0001 and 
p<0.01 respectively, n=10). Despite difference in reproductive schedule, the total 
brood size of nematodes treated with RNAi against prdx-6 was similar to control 




3.2.2 Prdx-6 Repression and General Fitness 
We compared rate of pharyngeal pumping of nematodes treated with RNAi against 
prdx-6 and control nematodes over several days. We found that repression of prdx-6 
did not significantly alter the rate of pharyngeal pumping in these nematodes, Figure 
3.19. Our observations of changes in measures of fitness when prdx-6 expression 
was repressed in C. elegans are consistent with reports of prdx-6 repression in mice 
(Manevich and Fisher 2005).  
 
Figure 3.19. Comparison of the rate of pharyngeal pumping in between nematodes 
treated with RNAi against prdx-6 and control nematodes.  No differences were 
observed in the pharyngeal pumping rate of prdx-6 RNAi and vector treated animals 
were observed. n = 10 animals per condition. This experiment was performed once 
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3.3 Repression of sod-2 in Developmentally Normal Adults 
The effects of constitutive impairment of mitochondrial SOD by treatment with dsRNA 
against sod-2 have been extensively studied in nematodes, mice and flies. In 
nematodes, unlike mice and flies, constitutive repression of sod-2 expression 
generated animals that superficially resembled wild type animals (Yang et al. 2007). 
Deletion of sod-2, however, generated animals that demonstrated clear fitness 
impairments but experienced extended lifespan (Van Raamsdonk and Hekimi 
2009;Gruber et al. 2011). One explanation for this difference is that residual 
expression in nematodes treated with RNAi against sod-2 was sufficient to maintain a 
wild type nematode under laboratory conditions. An alternative possibility is that 
when sod-2 expression was constitutively repressed by dsRNA treatment 
developmental adaptations, in conjunction with residual expression of sod-2, were 
sufficient to compensate for the lack of normal sod-2 mediated antioxidant defence. 
To determine which of the two possibilities was true we repressed the expression of 
sod-2 by treating developmentally normal adult nematodes with dsRNA targeted 
against sod-2. We compared nematodes treated with RNAi against sod-2 with control 
nematodes.  
3.3.1 Validation of Repression of sod-2 in Developmentally Normal Adults 
We used real time PCR to compare gene expression levels between nematodes 
treated with RNAi against sod-2 and control nematodes. As with nematodes treated 
with RNAi against prdx-3, mRNA was isolated from nematodes treated with RNAi 
against sod-2 and control nematodes on day 7 of life. We observed significant 
repression of sod-2 in nematodes treated with RNAi against sod-2 relative to control 
nematodes. Sod-2 expression in nematodes treated with RNAi against sod-2 was 5% 
of the expression level observed in control nematodes (p<0.001), Figure 3.20. To 
assess potential compensatory changes in gene expression, we determined the 
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expression of the mitochondrial prdx-3 and cytosolic prdx-2. Interestingly, repression 
of sod-2 resulted in significantly reduced expression of prdx-3, responsible for 
detoxification of hydrogen peroxide in the mitochondria. Expression of prdx-3 in 
nematodes treated with RNAi against sod-2 was half the expression levels observed 
in control nematodes (p<0.05). Expression of prdx-2 was not significantly altered.  
 
Figure 3.20. Gene expression changes in PRDXs when sod-2 expression was 
repressed.  In nematodes where sod-2 expression was repressed, sod-2 expression 
levels were approximately 5% ± 1% (Mean ± SEM) of the expression levels observed 
in control nematodes (t-test: p<0.001, n=3). Expression of mitochondrially expressed 
prdx-3 in nematodes treated with RNAi against sod-2 was approximately 48% ± 11% 
(Mean ± SEM) of the levels observed in control nematodes (t-test: p<0.05, n = 3). 
Expression of the cytosolic prdx-2 was not significantly altered. This experiment was 
performed once using 3 independent extractions. 
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3.3.2 Effects of Altered sod-2 Expression on Lifespan 
In the absence of developmental adaptations, it is possible that residual expression 
of sod-2 is insufficient to maintain ROS homeostasis. To determine if lifespan was 
shortened when sod-2 expression was repressed in adult nematodes, we conducted 
observer-blinded, sample randomized lifespan studies (see Section 2.2.10) in the F0 
generation of nematodes treated with RNAi against sod-2 RNAi or empty vector. Our 
lifespan studies found that repression of sod-2 expression in adult nematodes did not 
alter lifespan, Figure 3.21. Consistent with data reported by the Hekimi group (Yang 
et al. 2007), when sod-2 was constitutively repressed, we found that post 
developmental repression of sod-2 did not alter lifespan. We suggest that unaltered 
lifespan might be due mechanisms that compensate for impaired superoxide 
detoxification independently of developmental changes. Another possibility is 
sufficiency of residual sod-2 repression under unstressed laboratory conditions. To 
determine which of these possibilities might be true we investigated reproductive 






Figure 3.21. A comparison of survival between control nematodes and nematodes 
treated with RNAi against sod-2.  The survival of nematodes treated with RNAi 
against sod-2 was similar to control nematodes (Log-rank test). The mean and 
maximum lifespans of nematodes treated with RNAi against sod-2 did not differ from 
the mean and maximum lifespan of control nematodes. n > 50 nematodes per 
condition. This experiment was performed three times. 
 
Sod-2 knockout nematodes are reported to be long lived while carrying several 
fitness impairments (Van Raamsdonk and Hekimi 2009). Here we attempted to 
validate these results. We did not find a consistent difference between the lifespan of 
sod-2 knockout nematodes and nematodes treated with sod-2 RNAi or empty vector. 
Figure 3.22. Given the variability we observe in lifespan of sod-2 knockout 
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nematodes, more work is needed to validate the effects of constitutively knocking out 
sod-2 on nematode lifespan. 
 
 
Figure 3.22. A comparison of survival between N2 control nematodes, N2 
nematodes treated with RNAi against sod-2 and nematodes carrying sod-2 null 
mutation (gk257) treated with empty vector.  (A) In the first experiment gk257 control 
nematodes were significantly shorter lived than N2 control nematodes or RNAi 
against sod-2 (Log-Rank test, p< 0.001). The mean and maximum lifespans of gk257 
control nematodes were significantly lower than in either N2 nematodes treated with 
either RNAi against sod-2 or empty vector (ANOVA, p<0.001). n > 36 nematodes per 
condition. (B) When this lifespan study was repeated, survival of gk257 control 
nematodes was similar to N2 nematodes treated with either RNAi against sod-2 or 
empty vector (Log-Rank test). The mean lifespans of N2 nematodes treated with 
either RNAi against sod-2 or empty vector and gk257 control nematodes were not 
different (ANOVA). The maximum lifespan of gk257 control nematodes was 
significantly longer than N2 nematodes treated with either RNAi against sod-2 or 




3.3.3 Effects of sod-2 Repression on Sensitivity to an Exogenous Generator 
of Reactive Oxygen Species 
Knocking down an antioxidant defence gene is expected to impair antioxidant 
defences, elevate levels of oxidative stress and eventually result in accelerated 
ageing. To determine if antioxidant defences were functionally impaired when sod-2 
expression was inhibited in adult nematodes, we compared the resistance of sod-2 
knockout nematodes against nematodes treated with RNAi against sod-2 and control 
nematodes by exposing them to low and high doses of paraquat from day 7 of life 
onwards. We observed that sod-2 knockout nematodes were more sensitive to low 
dose paraquat exposure than nematodes treated with RNAi against sod-2 or empty 




Figure 3.23. The survival of gk257 control nematodes and N2 nematodes treated 
with either RNAi against sod-2 or empty vector control after exposure to 10mM 
paraquat.  Gk257 nematodes treated with vector control were more sensitive to 10 
mM paraquat than N2 control nematodes or RNAi against sod-2 (Survival Analysis: 
Log-Rank test, p< 0.001). Mean survival time of gk257 nematodes treated with vector 
control was significantly shorter than N2 control nematodes or RNAi against sod-2 
(ANOVA, p<0.0001). Mean survival times of N2 control nematodes or RNAi against 
sod-2 were not significantly different. Maximum survival time of gk257 nematodes 
treated with vector control was significantly shorter than N2 control nematodes or 
RNAi against sod-2 (ANOVA, p<0.0001). Maximum survival time of N2 nematodes 
treated with RNAi against sod-2 was significantly shorter than N2 control nematodes 
(ANOVA, p<0.0001). n > 72 nematodes per condition. This experiment was 




Nematodes treated with sod-2 RNAi were more sensitive to high dose paraquat 
exposure than control nematodes (p<0.0001), Figure 3.24. Repression of sod-2 
expression in adult nematodes impaired antioxidant defences. It appears that 
residual expression of sod-2 was sufficient to protect these nematodes against low 
dose paraquat exposure but not exposure to high dose paraquat. Data from the 
Hekimi group suggest that post reproductive stage nematodes are more resistant to 
paraquat exposure than L4 stage nematodes (Yang et al. 2007;Van Raamsdonk and 
Hekimi 2009). We are unable to compare the sensitivity of nematodes with post 
developmental repression of sod-2 to paraquat exposure against the sensitivity of 
nematodes with constitutive repression of sod-2 as these have been tested at 




Figure 3.24. The survival of N2 control nematodes and N2 nematodes treated with 
RNAi against sod-2 after exposure to 20mM paraquat.  N2 nematodes treated with 
RNAi against sod-2 were more sensitive to 20 mM paraquat than N2 control 
nematodes (Survival Analysis: Log-Rank test, p< 0.0001). Mean survival times of N2 
nematodes treated with RNAi against sod-2 was significantly shorter than control 
nematodes (t-test, p<0.01). Maximum survival time of N2 nematodes treated with 
RNAi against sod-2 significantly shorter than N2 control nematodes (t-test, p<0.01). n 




3.3.4 Effects of sod-2 Repression on Reproductive Fitness 
Repression of prdx-3 in adult nematodes resulted in decreased fitness. To determine 
if repression of sod-2 expression indeed impaired reproductive fitness we compared 
the reproductive schedule of nematodes treated with RNAi sod-2 RNAi against the 
reproductive schedules of control nematodes and sod-2 knockout nematodes. Sod-2 
RNAi treated nematodes experienced normal brood size and reproductive schedules. 
In contrast, sod-2 knockout nematodes began egg laying on day 4 of life rather than 
day 3 of life and produced significantly fewer progeny than sod-2 RNAi or empty 





Figure 3.25. The reproductive schedule of gk257 nematodes and nematodes treated 
with sod-2 RNAi treated or vector controls the reproductive schedules of sod-2 RNAi 
or control treated nematodes are similar.  The reproductive schedule of gk257 
nematodes was significantly different from the reproductive schedules of sod-2 RNAi 
treated and control animals (ANOVA, p<0.0001). n = 10 nematodes per condition. 
This experiment was performed once. 
 
Reduced brood size and altered reproductive schedule in sod-2 knockout nematodes 
is consistent with published data (Van Raamsdonk and Hekimi 2009). Nematodes 
generated by repression of sod-2 expression post development, appear to be similar 
to nematodes generated by constitutive repression of sod-2 (Yang et al. 2007). One 
interpretation is that residual expression of sod-2 is sufficient to maintain evolutionary 
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fitness under unstressed laboratory conditions. Another possibility is that other 
compensatory changes were responsible for the superficial wild type appearance of 
these nematodes.   
3.4 Effects of Simultaneous Knock Down of sod-2 and prdx-3  
Detoxification of superoxide, the major ROS generated in mitochondria, is a two 
stage process involving SOD and PRDX. In C. elegans, sod-2 and prdx-3 are the 
major mitochondrial enzymes responsible for this process. In addition to impaired 
antioxidant defences, individually impaired expression of these genes reduced 
energy availability in nematode. It is possible that simultaneous repression of sod-2 
and prdx-3 in adult nematodes might result in severely impaired ROS detoxification 
capacity. This impairment of ROS detoxification capacity could be sufficiently severe 
that net ROS production and oxidative damage accumulation rates are elevated. In 
the context of the mFRATA, lifespan might therefore be shortened. To test this 
expectation, we conducted an observer blinded, sample randomised lifespan study 
(see Section 2.2.10) to compare the survival of nematodes treated with sod-2 and 
prdx-3 against the survival of control nematodes. In this preliminary work, we 
observed that simultaneous repression of sod-2 and prdx-3 in adult nematodes did 
not shorten lifespan, Figure 3.26. Given that compensatory changes that maintained 
ROS homeostasis occurred when expression of prdx-3 was repressed, we suggest 





Figure 3.26. The survival of nematodes treated with prdx-3 and sod-2 RNAi 
compared to control nematodes.  The lifespan of nematodes treated with prdx-3 and 
sod-2 RNAi was not significantly different from control nematodes (Survival Analysis: 




























1 51 126 20 20 31 31 
2 117 172 17 20 30 27 
3 140 140 18 19 28 30 
 
Table 3.1. Mean and maximum lifespan of nematodes treated with prdx-3 RNAi or 
empty vector.  The mean and maximum lifespan of nematodes treated with prdx-3 
RNAi were not different from control nematodes (ANOVA). In each experiment, 200 
nematodes per condition were used. Control nematodes consistently had more 
nematodes missing (censored) than nematodes treated with prdx-3 RNAi. This 
difference may be due to the greater motility of control nematodes as compared to 























1 138 164 13 12 17 14 
2 99 112 13 13 21 19 
3 144 185 11 11 20 18 
 
Table 3.2. Mean and maximum transition times for nematodes treated with prdx-3 
RNAi or empty vector to transition out of A-type motility.  The mean time to transition 
out of A-type motility for nematodes treated with prdx-3 RNAi was not different from 
control nematodes (ANOVA). The maximum time to transition out of A-type motility 
for nematodes treated with prdx-3 RNAi was significantly shorter than control 

























1 82 88 87 79 132 104 
2 82 73 90 80 132 103 
3 87 81 114 98 163 153 
 
Table 3.3. Mean and maximum survival time of nematodes treated with prdx-3 RNAi 
or empty vector upon exposure to 20 mM paraquat.  The mean survival time of 
nematodes treated with prdx-3 RNAi upon exposure to 20 mM paraquat was 
significantly shorter than the mean survival of control nematodes upon exposure to 
20 mM paraquat (ANOVA, p<0.0001). The maximum survival time of nematodes 





















1 90 86 20 19 30 28 
2 49 74 20 21 30 29 
3 117 136 17 17 28 26 
 
Table 3.4. Mean and maximum lifespan of nematodes treated with sod-2 RNAi or 
empty vector.  The mean and maximum lifespans of nematodes treated with sod-2 























1 82 88 87 79 132 104 
2 82 73 90 80 132 103 
 
Table 3.5. Mean and maximum survival time of nematodes treated with sod-2 RNAi 
or empty vector upon exposure to 20 mM paraquat.  The mean survival time of 
nematodes treated with sod-2 RNAi upon exposure to 20 mM paraquat was 
consistently shorter than the mean survival of control nematodes upon exposure to 
20 mM paraquat (p=0.18 and p<0.01 for experiments 1 and 2 respectively). The 
maximum survival time of nematodes treated with sod-2 RNAi was significantly 












































2 42 22 21 95 115 91 174 192 120 
3 64 57 66 106 99 77 164 144 120 
 
Table 3.6. Mean and maximum survival time of nematodes treated with sod-2 RNAi 




Damage accumulation theories of ageing propose that ageing is a consequence of 
molecular damage accumulation and secondary changes induced by such damage. 
According to these hypotheses, damage accumulation becomes significant after 
reproductive maturity, eventually reducing an organism’s physical fitness and 
increasing susceptibility to death and disease. One cause of molecular damage in 
cells are free radicals. In 1956 Harman put forward the free radical theory of ageing 
(FRATA) (Harman 1956).  In his proposal of the FRATA, Harman suggested that 
reactive oxygen species (ROS) might be a potential source of free radical mediated 
damage. The subsequent realisation that mitochondria are an important source of 
ROS, led to the development of the mitochondrial free radical theory of ageing 
(mFRATA) (Harman 1972;Miquel et al. 1980). The mFRATA proposes that 
accumulation of oxidative damage causes a cascade of events that progressively 
impair energy production, leading to age-related declines in physical fitness and 
death.   
The rate of oxidative damage accumulation is influenced by rates of ROS generation, 
ROS detoxification and the speed with which oxidative damage is repaired or 
replaced. While mitochondrial ROS production is an unavoidable consequence of 
aerobic metabolism (Gems and Doonan 2009), rates of ROS generation, ROS 
detoxification, oxidative damage repair and molecular turnover are highly modifiable. 
Modulating any of these factors might be expected to alter the rate of oxidative 
damage accumulation. Most studies attempting to test the mFRATA have used mice, 
flies and nematodes in which ROS detoxification capacity was impaired throughout 
life. To date, these studies have failed to show a consistent relationship between 
lifespan and ROS detoxification capacity. It is important to note that in these studies 
levels of oxidative damage, the determinant of ageing according to the FRATA and 
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mFRATA, has not been consistently reported. Where levels of oxidative damage 
have been reported, correlation with lifespan is inconsistent. Detection of ROS and 
products of ROS mediated damage is challenging. An important challenge is that 
upon lysis of tissue, cell components are exposed to an oxidising environment (air) 
as well as the release of sequestered oxidising transition metals. It is possible that 
auto-oxidation of samples might elevate the amount of oxidative damage detected. 
Current methods for detecting ROS mediated damage have undergone decades of 
development and validation.  
Historically, most studies manipulating expression of antioxidant defence genes have 
focused on superoxide dismutase (SOD) and catalase (CTL), enzymes that detoxify 
superoxide and hydrogen peroxide respectively (Gems and Doonan 2009). One 
possible confounder in most of these studies is that impairment of SOD and CTL 
expression throughout development might have resulted in developmental 
adaptations that moderate the effects of impaired expression of antioxidant enzymes. 
Developmental adaptations as confounders can be avoided, as we have done by 
conducting experiments in developmentally normal animals. 
The discovery of peroxiredoxins (PRDX) and their role in cells are relatively recent 
developments. Unlike CTL, which is generally only expressed in peroxisomes, PRDX 
are expressed in all cell compartments. High levels of PRDX expression and their 
pervasiveness in cells (Cox et al. 2009;Kumsta and Jakob 2009) suggests that PRDX 
might play a more important role in maintaining hydrogen peroxide balance in cells 
than CTL. In contrast to SOD and CTL, role of PRDX in ageing has only been 
investigated in the last decade.  
Despite decades of research, it is still unclear if oxidative damage is a cause of 
ageing. Some of this confusion comes from the often unconfirmed expectation that 
impairment of antioxidant defences necessarily results in elevated net ROS 
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production (see below) and levels of oxidative damage accumulation would as a 
consequence be elevated. In Figure 3.7 and Figure 3.6 we show that impairment of 
antioxidant defences need not elevate net ROS production or increase oxidative 
damage accumulation. Our findings, of unaltered levels of oxidative damage in 
mitochondrial PRDX (mPRDX) developmentally normal (F0 generation) knockdown 
nematodes, are consistent with unaltered levels of oxidative damage reported in 
mitochondrial SOD (mSOD) null nematodes (Gruber et al. 2011). Thus in nematodes 
at least, oxidative damage accumulation and net ROS production rate are not solely 
dependent on ROS detoxification capacity. 
In nematodes, it is clear that impairment of ROS detoxification capacity resulted in 
compensatory changes that maintained ROS balance. Studies in which lifespan was 
either not shortened or in some cases extended cannot be considered to challenge 
the FRATA or mFRATA if levels of oxidative damage were not reported. It is 
preferable that in lifespan studies, mechanisms of compensation are also 
investigated. Similarly studies that report lifespan shortening should at least be 
accompanied by data on oxidative damage accumulation. Inclusion of data on energy 
metabolism as well as physical and reproductive fitness would be useful.  
We found that impairment of mPRDX expression in developmentally normal (F0 
generation) nematodes resulted in mild mitochondrial uncoupling and consequently 
maintenance of normal levels of ROS production (without elevated expression of 
antioxidant genes), reduced steady state levels of ATP (due to reduced ATP 
synthesis), doubling of oxygen consumption as well as mild reductions in 
reproductive capacity, rates of locomotion, pharyngeal pumping and normal lifespan. 
It is uncertain if reduced rates of pharyngeal pumping resulted in significant dietary 
restriction. Nematodes subjected to dietary restriction experienced significant 
increases in mean and maximum lifespan as well as mild increases in oxygen 
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consumption and pharyngeal pumping rates, severe impairment of reproductive 
capacity, mild increases in SOD and CTL activity, and increased reducing potential 
(Houthoofd et al. 2004;Houthoofd et al. 2002;Houthoofd et al. 2002;Hosono et al. 
1989;Klass 1977;Smith et al. 2008;Lee et al. 2006;Houthoofd and Vanfleteren 
2006;Houthoofd et al. 2007;Lakowski and Hekimi 1998). While responses to dietary 
restriction and repression of prdx-3 expression appear similar, e.g. increased oxygen 
consumption and reduced reproductive capacity, the magnitudes of these changes 
differ. Mildly increased oxygen consumption in nematodes under dietary restriction is 
indicative of increased ATP synthesis (Houthoofd et al. 2004). The authors suggest 
that reduced steady state levels of ATP are due to increased protein turnover and 
synthesis of non-essential nutrients to compensate for deficiencies caused by dietary 
restriction (Houthoofd et al. 2004;Houthoofd et al. 2007). Houthoofd et al. (2004) 
attribute half the reducing potential, as measured by the XTT (2,3-bis-(2-methoxy-4 
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) assay, to the presence of 
superoxide. Increased reducing potential is expected to be accompanied by 
increased superoxide production (and is dependent on the magnitude of the proton 
motive force). Since total energy (food) intake in reduced under conditions of dietary 
restriction, we suggest that increased reducing potential under these conditions 
(Houthoofd et al. 2004) might indicate increased mitochondrial coupling (increasing 
production of ATP per unit of food). Experiments are needed to verify alterations in 
mitochondrial coupling under conditions of dietary restriction. Increase in antioxidant 
enzyme activity (Houthoofd et al. 2004) may potentially offset the expected increase 
in ROS production (PRDX activity has yet to be reported). Given the differing 
changes in mitochondrial coupling in response to impaired prdx-3 expression (mild 
mitochondrial uncoupling) and dietary restriction (increased mitochondrial coupling), 
we suggest that the similarities in phenotypes of these conditions are due to 
convergence of downstream compensatory mechanisms. For example reduced 
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reproductive capacity under both conditions is likely due in insufficient availability of 
ATP. In nematodes with impaired prdx-3 expression this is due to reduced ATP 
synthesis while in nematodes under dietary restriction this is likely due to preferential 
consumption of ATP by other processes. Thus, we suggest that it is unlikely that 
changes we observed when prdx-3 expression was impaired is attributable to dietary 
restriction caused by mildly reduced rates of pharyngeal pumping.  
Our findings in the F0 generation (impaired physical and reproductive fitness) are in 
contrast to the lack of changes, reported without data presented, in the progeny of 
nematodes with repressed expression of mPRDX (F1 generation) (Isermann et al. 
2004). A comparison of our data in the F0 generation and those reported in the F1 
generation of mPRDX knock down nematodes is not possible as different culture 
conditions were used. A comparison of our data in F0 generation mSOD knock down 
nematodes and F1 generation mSOD knock down nematodes is discussed in section 
4.1.2.  Our findings of reduced physical and reproductive fitness in F0 generation 
mPRDX knock down nematodes are consistent with several studies in mSOD 
knockout nematodes where delayed development, reduced body size and reduced 
reproductive capacity were observed (Chen et al. 2007;Gems and Doonan 
2009;Gruber et al. 2011;Van Raamsdonk and Hekimi 2010). In mSOD null 
nematodes, the cause of reduced evolutionary fitness and reduced body size is 
unclear. These may be due to developmental adaptations or secondary 
consequences of maintaining ROS homeostasis when detoxification capacity was 
impaired, or to other mechanisms in response to mSOD ablation. In the F0 
generation of mPRDX knock down nematodes, we found that impaired evolutionary 
fitness and normal lifespan were secondary consequences of maintaining ROS 
homeostasis when detoxification capacity was impaired. Repression of mPRDX 
expression resulted in mild uncoupling of mitochondria and consequently reduced 
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gross ROS production (all ROS generated). Reduced gross ROS production when 
ROS detoxification capacity was impaired, maintained net ROS production, Figure 
3.7.   
The concept of net ROS = gross ROS – ROS detoxified is a framework that allows us 
to distinguish the factors that determine the rate of production of ROS that cause 
damage, i.e. net ROS. This framework also clarifies one factor that can be 
manipulated to maintain net ROS production, thereby maintaining ROS homeostasis, 
when ROS detoxification capacity is altered. This framework can be extended to 
describe the FRATA in the following manner: Lifespan α oxidative damage 
accumulation; oxidative damage accumulation = oxidative damage incidence – 
oxidative damage repair – oxidative damage turnover; oxidative damage incidence α 
net ROS; net ROS = gross ROS – ROS detoxified. While this description is a 
simplification of events, it highlights several areas that can be modulated to alter the 
rate of oxidative damage accumulation and potentially alter the rate of ageing. ROS 
generation, detoxification and turnover of oxidative damage are continuous and 
simultaneous processes. Our data provides evidence for a mechanism by which 
ROS homeostasis and oxidative damage accumulation can be maintained at normal 
levels even when ROS defences are impaired. In addition to maintaining ROS 
balance when mPRDX expression was impaired, mild uncoupling of mitochondria 
also significantly reduced ATP synthesis and increased oxygen consumption due to 
futile cycling of the ETC. Reductions in physical and reproductive fitness are 
secondary consequences of mild mitochondrial uncoupling. Reduced ATP synthesis 
is expected to impair various aspects of cell metabolism, development and 
behaviour. Here we discuss evidence for the mFRATA and the broader FRATA in 
nematodes. We further compare studies in mice and flies with work in nematodes 
with the view of assessing if mechanisms of nematode ageing and ROS homeostasis 
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can be generalised. Finally we discuss some evolutionary consequences of impaired 
expression of mPRDX, illustrating why mPRDX might be maintained in the genome 
independently of any role in the ageing process.   
4.1 Impaired ROS Defences 
4.1.1 Consequences of Impaired Mitochondrial ROS Detoxification in 
Nematodes 
In the absence of normal mPRDX mediated hydrogen peroxide detoxification 
capacity we found that nematodes maintained net ROS production by mild 
uncoupling of mitochondria (altered mitochondrial activity), consequently reducing 
gross ROS and ATP production. Similarly, in mSOD knockout nematodes reduced 
ETC function and oxygen consumption (altered mitochondrial activity) (Van 
Raamsdonk and Hekimi 2009) suggests that ATP synthesis might also be reduced. It 
appears that in nematodes, altered mitochondrial activity is a common consequence 
of impaired mitochondrial antioxidant defences. Reduced ATP synthesis reduces 
energy availability for cell functions, including synthesis, degradation and repair of 
proteins, lipids, DNA and RNA. Reduced turnover of damaged cell components might 
be expected to increase accumulation of damage without increasing net ROS 
production. 
Lack of lifespan reduction when mPRDX expression was impaired is consistent with 
the lack of shortened lifespan reported in mSOD null nematodes, with one group 
even reporting increased lifespan and oxidative damage accumulation (Van 
Raamsdonk and Hekimi 2009;Honda et al. 2008;Doonan et al. 2008;Gruber et al. 
2011). Our findings in mPRDX knock down nematodes are consistent with previous 
work in our laboratory that found similar levels of oxidative damage in mSOD null and 
normal nematodes (Gruber et al. 2011). Normal levels of oxidative damage might be 
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attributable to reduced net ROS production. Unaltered damage is consistent with 
unaltered lifespan reported by other research groups (Honda et al. 2008;Doonan et 
al. 2008). 
In the F0 generation mPRDX knock down nematodes we found that reduced rates of 
locomotion, pharyngeal pumping and reduced brood size were consequences of 
reduced energy availability. Reduced energy availability during development might 
be expected to delay development and reduce adult body size. Indeed, mSOD knock 
out nematodes experienced smaller body size, delayed development and reduced 
brood size (Gruber et al. 2011;Van Raamsdonk and Hekimi 2009). The mFRATA 
proposes that ageing is a consequence of accumulating oxidative damage. Thus 
altering the rate of ageing requires modulating the rate of oxidative damage 
accumulation. We and other research groups, have demonstrated that under 
unstressed laboratory conditions impairment of mitochondrial antioxidant defence 
does not alter the rate of oxidative damage accumulation or lifespan. Furthermore we 
and others in our laboratory, have demonstrated that when mitochondrial antioxidant 
defences were impaired, ROS homeostasis and oxidative damage accumulation 
were maintained at normal levels by altered mitochondrial activity. We propose that 
lack of lifespan shortening in mSOD null nematodes in the F0 and F1 generations of 
mPDRX knock down nematodes as well as the general lack of increased oxidative 
damage in these nematodes does not challenge the mFRATA. However, 
maintenance of ROS homeostasis despite the fitness cost provides indirect support 
for the mFRATA.  
To determine if developmental changes might moderate the effects of reduced 
mSOD expression, we investigated the effects of knocking down mSOD in F0 
generation nematodes and compared them with observation by the Hekimi laboratory 
(Yang et al. 2007) in the F1 generation of mSOD knock down nematodes. In the F0 
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and F1 generations of mSOD knock down nematodes, residual mSOD was 
expression level was significantly less normal levels (20 times less than normal in our 
study). In the F0 and F1 generations of mSOD knock down nematodes lifespan and 
brood size were unchanged. Furthermore the Hekimi laboratory reported that 
development time in F1 generation of mSOD knock down nematodes was normal. It 
was not possible to compare paraquat sensitivity between the F0 and F1 generations 
as this was tested at different life stages. Generally, these data suggest that only 
minimal expression of mSOD is necessary to maintain normal life under unstressed 
laboratory conditions. In contrast to the relatively minimal levels of mSOD expression 
required for normal life, we found that normal levels of mPRDX are necessary for 
normal life in C. elegans. We suggest that mPRDX rather than mSOD might regulate 
mitochondrial ROS homeostasis in nematodes. While developmental changes do not 
occur when mSOD was knocked down, insufficient data are available to determine if 
developmental changes can moderate the effects of impaired ROS defences. 
In general, impaired expression of mitochondrial ROS detoxification enzymes do not 
shorten lifespan or increase oxidative damage accumulation. Nematodes with 
impaired mitochondrial ROS detoxification do, however, suffer from reduced physical 
and reproductive fitness. It is, at present unclear if developmental adaptations 
moderate some the effects of impaired mitochondrial ROS defences. While data in 
F1 generation mPRDX knock down nematodes suggests that this might occur, in the 
absence of biomarker data on ROS homeostasis and culturing of nematodes under 
conditions used in most laboratories, it is uncertain what these adaptations might be. 
We propose that generally data in nematodes with impaired mitochondrial ROS 
defences are supportive of the mFRATA. 
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4.1.2 Consequences of Impaired Cytosolic ROS Detoxification in Nematodes 
PRDX and CTL, both, reduce hydrogen peroxide to water. Optimal hydrogen 
peroxide detoxification by PRDX and CTL occur at low and high concentrations of 
cellular hydrogen peroxide, respectively (Cox et al. 2009;Kumsta and Jakob 2009). 
Generally catalase is found in the peroxisome (Ho et al. 2004). Nematodes have 
three homologues of catalase (ctl-2 in peroxisome; ctl-1 in cytosol; ctl-3 localization 
not reported) (Gems and Doonan 2009) and only a single cytosolic PRDX (cPRDX) 
(Isermann et al. 2004). Under different culture conditions, nematodes with impaired 
expression of cPRDX experienced reduced body size and reproductive capacity, 
demonstrating the necessity for normal cPRDX expression for development and 
reproductive fitness (Isermann et al. 2004;Oláhová et al. 2008). As we have argued, 
these data suggest that ATP availability might be impaired. In the absence of 
biomarker data, it is uncertain if oxidative damage in these animals were altered. 
Lifespan data in F1 generation cPRDX knock down nematodes and cPRDX knock 
out nematodes could not be compared as these studies were conducted under 
different conditions (Isermann et al. 2004;Oláhová et al. 2008). At present it is 
unclear if residual expression of cPRDX is sufficient to maintain normal lifespan. 
More work need to be done to illuminate the role of cPRDX in determining nematode 
lifespan.   
Consistent with the FRATA, abolishing peroxisomal catalase was reported to shorten 
lifespan and reduced fitness in nematodes (Petriv and Rachubinski 2004). While 
knocking out ctl-2 was reported to reduce accumulation of protein carbonyls (Petriv 
and Rachubinski 2004), it is unclear if levels of protein carbonyls were determined in 
mixed stage populations as was done for catalase activity. Measuring damage and 
other physiological parameters in populations of mixed life stages presents several 
challenges. Young nematodes have relatively low levels of protein carbonyls. When 
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sampling mixed populations the proportion of animals at different life stages vary with 
each sampling. In samples where there are a larger fraction of young nematodes 
levels of protein carbonyl accumulation are expected to be lower. Furthermore, 
lifespan, at 20oC, of wild type nematodes reported by Petriv and Rachubinski was 
significantly shorter than reported by other research groups (Petriv and Rachubinski 
2004). Shortening of lifespan in wild type nematodes might be due to several factors, 
including infection or rough handling of nematodes. It is possible that ctl-2 null 
nematodes are less tolerant than wild type nematodes of sub-optimal culture 
conditions. Validation of the effects of abolishing ctl-2 expression in nematodes is 
necessary to enhance our understanding of its role in ageing. At present it is unclear 
what role cytosolic hydrogen peroxide and the enzymes involved in its reduction play 
in the ageing process.  
The role of cytoplasmic SOD (cSOD) in ageing has only been investigated in so far 
as lifespan effects were studied. Consistent with the effects of knocking out mSOD in 
nematodes, knocking out cSOD in nematodes did not reduce lifespan (Van 
Raamsdonk and Hekimi 2009;Doonan et al. 2008). These data suggest that cSOD 
does not modulate life in nematodes. In the absence of data on energy metabolism 
and oxidative damage accumulation in these nematodes, it is unclear if these data 
are supportive of the FRATA or if they might pose a challenge to the FRATA.   
In the absence of data on markers of oxidative damage accumulation, lifespan 
studies in nematodes with impaired cytosolic ROS detoxification capacity do not 
challenge the FRATA. Shortening of lifespan when expression of ctl-2 and cPRDX 
were individually ablated are supportive of the FRATA. However, good biomarker 
data on levels of oxidative damage in these animals are needed to validate this 
support. In the absence of data on changes in energy metabolism it is unclear if 
mitochondrial activity was altered when expression of cytosolic ROS detoxification 
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enzymes were impaired. Thus, while these data are generally supportive of the 
FRATA it is unclear if these data might also support the mFRATA. 
4.2 Difference between Mice, Flies and Nematodes 
The pervasiveness of homologues of SOD, PRDX and CTL in organisms studied 
from all biological kingdoms suggests that these enzymes evolved to serve essential 
functions early in the history of life. Molecular oxygen, released by photosynthetic 
cyanobacteria, only accumulated in the atmosphere after metals on the Earth’s 
surface were oxidised, approximately 2.5 billion years ago. It is likely that antioxidant 
enzymes evolved during this time, possibly from a precursor of catalase (Halliwell 
and Gutteridge 2007). Given the similarity in structure, function and cellular 
localization of antioxidant enzymes in humans, mice, flies and nematodes comparing 
the effects of altered expression of these genes in different animals might be 
expected to inform us about the evolutionary conserved roles of these enzymes in 
cell metabolism and ageing.   
While classes of antioxidant enzymes are conserved throughout all biological 
kingdoms, the specific complement of homologues of antioxidant enzymes in 
nematodes differs from humans, mice and flies (Radyuk et al. 2010;Seo et al. 
2000;Gems and Doonan 2009). For example, mPRDX in humans, mice and flies are 
comprised of prdx-3 and prdx-5 while prdx-3 is the sole mPRDX in nematodes. Prdx-
5 is also expressed in the cytosol and nucleus of humans, mice and flies. The effects 
of knocking out a single PRDX in mice and flies, unlike nematodes, might be 
moderated by normal endogenous expression of prdx-5. Differences in the number of 
homologues of antioxidant genes in different animals suggest the development of 
different regulatory needs for superoxide and hydrogen peroxide during evolution. 
This can be illustrated by the fact that in flies, at least, prdx-5 expression is controlled 
by immune triggers (Radyuk et al. 2009). During infection, immune cells might trigger 
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the death of infected cells by flooding the cytoplasm of infected cells with hydrogen 
peroxide, generated by respiratory burst. There may therefore be a temporary need 
for increased hydrogen peroxide reduction and ATP independent holdase activity to 
protect immune cells and adjacent healthy cells. Nematodes, however, do not 
express prdx-5.  
Different ecological niches and differing life histories of mice, flies and nematodes 
place different constraints on their response to various stimuli. Nematodes are 
comparatively short lived animals. Unlike mice and flies (Baumann 2011), adult 
nematodes cannot replace damaged cells as they do not posses stem cells outside 
of their germ line. Nematodes must either tolerate damage throughout life or maintain 
damage at levels compatible with life until the end of reproduction. In nematodes, 
oxygen saturation of tissue is determined by environmental oxygen concentrations. In 
mice, however, oxygen saturation of tissues is generally maintained at a relatively 
constant level (below atmospheric levels) by the circulatory system. Physical activity 
in animals with a circulatory system, i.e. not flies and nematodes, can temporarily 
depress tissue oxygen levels. Generally this only occurs when activity levels rise 
above the animals’ ability to compensate for increase oxygen demand by increasing 
rates of breathing and heart pumping. Nematodes unlike mice and flies can migrate 
to areas with oxygen concentrations at their optimal level for nematode survival. 
Nematodes behaviour suggests that they prefer 12% to 14% oxygen saturation of 
their atmosphere (Halliwell and Gutteridge 2007). Unlike mice with their complex 
behavioural and physiological systems to maintain internal oxygen saturation and 
nematodes that can migrate to more favourable condition, flies might only be able to 
modulate tissue oxygen saturation by altering activity levels, closing their spiracles, 
or altering the degree of mitochondrial coupling. Thus these animals respond to 
similar stimuli in very different ways. 
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Unlike mice, nematodes and flies are exotherms. Their maximum metabolic rate is 
dependent on the temperature of their environment, generally between 20oC and 
25oC in the laboratory. In flies and nematodes, it is probable that optimal temperature 
in the wild is maintained by migrating to more hospitable environments. While flies 
and nematodes are able to scale their metabolism with temperature, they are unable 
to survive temperature extremes. Mice, however, are endotherms whose body 
temperature is approximately 37oC, at least 10oC more than flies and nematodes and 
near optimal temperature for their enzyme function. Maintaining a constant, relatively 
high internal temperature, has several advantages. These include maintaining high 
rates of biologically essential reactions as well as optimising the use of enzymes in 
various functions. While these are advantageous for endotherms, they are not the 
probable reason endotherms first evolved. Maintaining endotherm life requires some 
minimum energy expenditure to maintain body temperature. One mechanism by 
which endotherms generate heat is increased uncoupling of mitochondria. 
Uncoupling mitochondria is a relatively inefficient mechanism to generate heat from 
limited food resources. Mild mitochondrial uncoupling is, however, a relatively rapid 
method to regulate ROS homeostasis. Regulation of ROS homeostasis may have 
been the driver for the evolution of mitochondrial uncoupling. Heat production is then 
a serendipitous by product of this process rather than the initial goal. Temperature 
regulation in endotherms depends not only on retaining heat but removing excessive 
heat. Mice, like all mammals, have complex physiological and behavioural 
mechanisms to regulate body temperature, allowing them to remain active in a 
variety of environments. Behavioural responses like increased water intake to 
facilitate increased sweating and urination is one way excess heat can be moderated 
in mice. Thus mice, flies and nematodes have found evolved different mechanism 
and behaviours to maintain optimal metabolism for their survival.  
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Different evolutionary trajectories, life histories and physiologies have resulted in 
mice, flies and nematodes responding differently to similar stimuli. Given their 
common cell biology it is probable that while there is a common response to stimuli, 
the consequences may differ. For example, the scalability of nematodes metabolism 
and their ability to survive several days under anaerobic conditions suggests that 
they can survive reduced ETC activity and mitochondrial ATP synthesis. In mice, 
however, reduced ETC activity also reduces heat generated. Reduced heat and 
mitochondrial ATP synthesis might not be compatible with endotherm life. Given 
these differences in responses of these animals to a common stimulus, e.g. impaired 
ROS detoxification capacity, their responses must be carefully studied to determine 





4.2.1 Consequences of Impaired Mitochondrial ROS Defences in Mice and 
Flies 
Consistent with our findings in F0 generation mPRDX knock down nematodes, 
impaired expression of mPRDX in mice and flies reduced fecundity and increased 
sensitivity to exogenous oxidative. Reports of unaltered oxidative stress and ROS 
production in mPRDX deficient mice and reduced ATP availability in flies with 
impaired mPRDX expression are similar to our observation in F0 generation mPRDX 
knock down nematodes (Li et al. 2008;Li et al. 2009;Li et al. 2007;Radyuk et al. 
2010). While we attributed reduce fecundity in nematodes to reduced ATP 
availability, in mPRDX null mice reduced fecundity was attributed to increased 
oxidative stress (increased 4HNE modified proteins and increased TNF-α levels) in 
placenta (Li et al. 2008). It is important to note that our evidence does not exclude 
the possibility of elevated oxidative stress as a cause for reduced fecundity in 
mPRDX deficient nematodes. Fecundity in mPRDX deficient flies was not reported 
(Radyuk et al. 2010). We assume that since flies lay eggs throughout life, an 80% 
reduction in adult lifespan also reduced fecundity.   
In mPRDX deficient flies, it was reported that GSH: GSSG ratios were lower as 
compared to wild type flies (Radyuk et al. 2010). It remains to be determined if similar 
changes occur in mice and nematodes when mPRDX expression is impaired. 
Though ATP levels have not been reported in mPRDX null mice and markers of 
oxidative stress and net ROS production rates have not been reported in mPRDX 
deficient flies, these data imply that altered ETC function might be an evolutionary 
conserved response to impaired mitochondrial hydrogen peroxide detoxification. It is 
clear that mPRDX is essential for evolutionary fitness in mice, flies and nematodes. 
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We suggest that data from mPRDX null mice and mPRDX deficient flies provide 
tentative support for the mFRATA.  
Knocking out mSOD in mice and flies had more severe consequences than knocking 
out mSOD in nematodes. Impaired expression of mSOD caused neonatal lethality in 
flies and one strain of mouse. Mice strains that survived to birth were very short lived, 
smaller and had significantly lower body temperature as compared to wild type mice 
(Li et al. 1995;Lebovitz et al. 1996;Huang et al. 2001;Duttaroy et al. 2003). MSOD 
null mice showed evidence of impaired ETC function as well as evidence of 
increased oxidative damage (Li et al. 1995;Lebovitz et al. 1996;Melov et al. 
1999;Kirby et al. 2002;Missirlis et al. 2003). These results are similar to data in 
mSOD null nematodes. While ETC inhibition in mice and nematodes appears to be a 
common response to mSOD ablation, mice unlike nematodes are unable to survive 
consequences of mSOD ablation. The severity of mSOD null phenotype in mice and 
flies suggest that either, mice and flies are unable to attenuate mitochondrial 
superoxide production to the same extent as nematodes or that reduced ATP 
availability might be incompatible with life in mice and flies. These possibilities are 
not mutually exclusive. Alternatively, the resistance of nematodes to mSOD ablation 
is due to the evolution of additional mechanisms to cope with environments in which 
superoxide production might be highly variable. 
While mice and flies are unable to tolerate the consequences of ablation of mSOD, 
they are able to survive consequences of mPRDX ablation. Hydrogen peroxide is 
able to cross biological membranes. It is possible that some hydrogen peroxide 
generated in mitochondria might be detoxified in the cytoplasm. In the absence of 
mPRDX it might be possible that the rate of ROS detoxification might be modulated 
by increased cytoplasmic detoxification of hydrogen peroxide. Superoxide, unlike 
hydrogen peroxide, cannot cross biological membranes. Superoxide detoxification is 
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therefore restricted to the compartment it is generated. In the absence of mSOD, 
mitochondrial superoxide cannot be detoxified by cSOD. The general alteration in 
mitochondrial function and ATP availability in mice, flies and nematodes when 
mitochondrial ROS defences were impaired suggest that these responses are 
ancient evolutionary conserved responses to fluctuations in ROS levels. However, 
some consequences of impaired mitochondrial ROS detoxification are better 
tolerated than others. These studies do not directly test the mFRATA. However, they 
provide evidence in support of the importance of ROS and oxidative damage as 
potential determinants of lifespan.  
4.2.2 Consequences of Impaired non-mitochondrial ROS Detoxification in 
Mice and Flies 
The role of non-mPRDX in modulating ageing has generally not been investigated in 
multiple animal species. In mice, knocking out individual cPRDX (prdx-1 and prdx-2) 
throughout life generated animals that suffered from increased net ROS production in 
erythrocytes, increased DNA damage (in fibroblasts) and protein carbonylation (in 
bone marrow cells and erythrocytes) (Neumann et al. 2003) as well as increased 
oxidation of cysteine-containing membrane proteins of erythrocytes (determined 
using biotinylated iodacetamide) (Lee et al. 2003). Consistent with the FRATA these 
studies found increased oxidative damage, when cPRDX expression was ablated, 
accompanied reduced lifespan in prdx-1 knockout mice. In the absence of lifespan 
data it is unclear if a similar relationship exists between lifespan and prdx-2 
expression in mice. These results are generally supportive of the FRATA. 
Prdx-4 normally localises to the endoplasmic reticulum and is released into the 
cytosol and possibly the extracellular matrix, when cells are stressed (Radyuk et al. 
2013). Prdx-4 knock down flies suffered from increased levels of hydrogen peroxide 
125 
 
and increased lipid peroxidation. However, lifespan of these flies was not altered. 
These data contradict predictions of the FRATA. It is possible that increased 
oxidative damage in the absence of prdx-4 might be limited to the endoplasmic 
reticulum. Further experiments are needed to illuminate this issue.   
Ablation of cPRDX in mice, flies and nematodes rather than mPRDX generally had 
more severe consequences for longevity of these animals. One possible explanation 
for this is that in the absence of mPRDX mitochondrial ROS homeostasis was 
perturbed, triggering responses to attenuate levels of net ROS production and 
maintain normal levels of oxidative damage accumulation. Thus the less severe 
phenotypes observed when mitochondrial antioxidant defences were impaired might 
be due to compensatory response to maintain mitochondrial ROS homeostasis. 
Ablation of cPRDX might not have altered mitochondrial ROS homeostasis and thus 
not triggered compensatory responses that might have attenuated oxidative damage 
accumulation.  
In mice and flies, unlike nematodes where lifespan was normal when expression of 
cSODs (i.e. sod-1 and sod-5) were ablated throughout development, knocking out 
cSOD (i.e. sod-1) significantly shortened lifespan (Elchuri et al. 2005;Phillips et al. 
1989). Consistent with the FRATA these mice and flies also suffered increased levels 
of oxidative stress and accelerated development of age-related changes (Reddy et 
al. 2004;Imamura et al. 2006;McFadden et al. 1999;Ohlemiller et al. 1999;McFadden 
et al. 1999;Ho et al. 1998;Matzuk et al. 1998;Elchuri et al. 2005;Busuttil et al. 
2005;Muller et al. 2006;Reaume et al. 1996;Woodruff et al. 2004;Rogina and Helfand 
2000). The comparatively less severe phenotype generated when cSOD rather than 
mSOD was ablated, in mice and flies, suggest that either mitochondrial levels of 
superoxide might be more important to survival and ageing than cytosolic superoxide 
or that ATP synthesis might not have been affected by cSOD ablation. More data on 
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energy metabolism when cSOD was ablated in mice, flies and nematodes is needed 
to clarify the question.  
CTL is generally found in the peroxisome (Ho et al. 2004). Mice and flies, unlike 
nematodes, possess a single CTL. Impaired expression of CTL in mice and flies did 
not alter lifespan (Ho et al. 2004;Orr et al. 1992). In flies, at least, there is evidence 
that lack of CTL was compensated for by increased synthesis of glutathione and 
reduced oxygen consumption. Mice and flies have a larger complement of PRDX 
than nematodes. It is possible that the absence of CTL mice and flies increased 
PRDX expression. While no data is available, it is possible that mice, like flies, might 
have increased synthesis of non-catalytic antioxidants. In the absence of data on 
levels of oxidative damage and energy metabolism, it is unclear if knocking out CTL 
altered oxidative damage accumulation or ROS homeostasis in mice and flies. At 
present there is insufficient data to determine the role of CTL in modulating the rate 
of ageing. 
Generally, it appears that impairment of cytosolic ROS detoxification increases 
oxidative damage accumulation rate and shortens lifespan. These observations are 
consistent with the FRATA. The broad consistency in response to impaired ROS 
detoxification capacity in mice, flies and nematodes suggest that these responses 
might be due to evolutionary conserved. We tentatively suggest that these data are 
supportive of an evolutionary conserved mechanism of ageing that depends on 
oxidative damage accumulation and ROS homeostasis.  
4.3 Increased Antioxidant Defences 
4.3.1 Increasing Expression of Antioxidant Defence Genes 
Generally, mild over expression of antioxidant defence genes in mice, flies and 
nematodes increased lifespan, healthspan and resistance to oxidative stress  
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(Doonan et al. 2008;Hu et al. 2007;Jang et al. 2009;Arking et al. 2000;Sun et al. 
2004;Parkes et al. 1998;Reveillaud et al. 1991;Staveley et al. 1990;Seto et al. 
1990;Radyuk et al. 2009;Radyuk et al. 2013). High over expression only enhanced 
lifespan and healthspan was when antioxidant genes were ectopically over 
expressed (Treuting et al. 2008;Schriner et al. 2005;Mockett et al. 2003). These 
studies generally do not report levels of oxidative damage accumulation, only 
providing evidence for correlation between lifespan and antioxidant capacity rather 
than lifespan and levels of oxidative damage. Broadly, these results are consistent 
with the FRATA. 
High over expression of antioxidant defence genes appeared to be detrimental to 
mice and flies (Rando et al. 1998;Huang et al. 2000;Raineri et al. 2001;Chen et al. 
2004;Radyuk et al. 2013;Reveillaud et al. 1991). The detrimental effects of high prdx-
4 over expression in flies were attributed to protein overloading of cells (Radyuk et al. 
2013). It is possible that some of the detrimental effects of over expression of other 
antioxidant defence genes might be due to overloading of cells as well as the 
accompanying alterations in ROS balance. 
4.3.2 Antioxidant Supplementation 
The effects of supplementing diets of mice, flies and nematodes with antioxidants 
appear to be dependent on the antioxidant used.  Vitamin E supplementation in mice, 
flies and nematodes consistently elevated lifespan (Ishii et al. 2004;Selman et al. 
2008;Le 2001;Harrington and Harley 1988). However, increased lifespan in these 
animals appears to be a consequence of enhanced xenobiotic metabolism rather 
than reduced oxidative damage accumulation (Selman et al. 2008;Harrington and 
Harley 1988). In nematodes and flies some antioxidants, including coenzyme Q10 in 
nematodes, were found to increase lifespan but depressed metabolism (Ishii et al. 
2004;Benedetti et al. 2008;Le 2001). Vitamin C supplementation in mice and 
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nematodes did not alter lifespan (Harrington and Harley 1988;Selman et al. 2006). In 
mice supplementation with vitamin C maintained normal total antioxidant capacity 
rather than enhanced it (Selman et al. 2006). These data suggest that levels of ROS 
in cell are maintained at some optimum level. Interestingly, analogues of vitamin E 
extended mean lifespan and attenuated levels of oxidative damage in nematodes 
(Adachi and Ishii 2000). It is clear that not all vitamins with antioxidant properties 
enhance antioxidant capacity or affect lifespan through modulation of oxidative 
damage accumulation. Given that vitamins are important for various biological 
processes it was not clear if beneficial results observed when with dietary 
supplementation of antioxidants were due to correction of dietary deficiencies rather 
than enhancement of antioxidant defences. 
As with vitamin supplementation, the effects of redox modulators on lifespan appear 
to be dependent on the specific compound. The redox modulator EUK-8 (reported to 
be a SOD/CTL mimetic) increased resistance to oxidative stress in flies and 
nematodes without altering lifespan (Melov et al. 2000;Kim et al. 2008;Keaney et al. 
2004;Keaney and Gems 2003;Magwere et al. 2006). Levels of oxidative damage and 
energy metabolism were not reported in these animals. Thus it is not possible to 
draw conclusions on the validity of the FRATA from these data.  
Interestingly, treatment of middle aged wild type mice with carboxyfullerene (reported 
to be a SOD mimetic) extended healthspan and lifespan while reducing levels of 
oxidative damage (Quick et al. 2008). Platinum nano particle (another redox 
modulator reported to have SOD/CTL activity), extended lifespan and reduce levels 
of oxidative damage in wild type nematodes (Kim et al. 2008). Furthermore, platinum 
nano particle treatment of mice was reported to reduce levels of oxidative damage 
and related injury during stroke and acute cigarette smoke exposure (Onizawa et al. 
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2009;Takamiya et al. 2012). It is unclear if these redox modulators altered 
mitochondrial ROS production. 
These data suggest that not all compounds with antioxidant activity reduce oxidative 
damage accumulation. Where compounds alter oxidative damage accumulation, the 
relationship between lifespan, damage accumulation and ROS homeostasis must be 
carefully investigated. In the absence of data on these, changes in lifespan and 
tolerance to exogenous oxidative stress alone cannot be used to challenge or 
support the FRATA. These data do suggest that lifespan and healthspan can be 
enhanced by pharmacological intervention. 
4.4 Evolutionary Consequences of Impaired Mitochondrial Antioxidant 
Defence 
4.4.1 Consequences of Impaired Reproductive Capacity 
Repression of prdx-3 reduced reproductive capacity of nematodes on all days during 
their reproductive phase. When equal numbers of prdx-3 knock down nematodes and 
wild type (N2) nematodes are allowed to compete, assuming no extrinsic mortality 
rate, N2 nematodes rapidly become the dominate population. Within 12 generations, 
approximately 36 days at 20oC, N2 nematodes constitute 99% of the population. 
Thus we would not expect to find prdx-3 knock down nematodes in any population of 
nematodes. Our preliminary work in prdx-6 knock down nematodes found an initial 
increase in reproductive capacity on day 3 (when RNAi treatment began) and 
reduced reproductive capacity on subsequent days without altering total reproductive 
capacity. Given that by day 4 of life the cumulative brood sizes are similar it is 
unclear if prdx-6 knock down nematodes might have significantly greater 
reproductive fitness in the presence of an extrinsic mortality factor. Since expression 
of prdx-6 in N2 nematodes is not at levels comparable to prdx-6 knock down 
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nematodes, it is probable that reduced expression of prdx-6 might have a detrimental 
effect on the evolutionary fitness of nematodes independent of reproductive capacity.   
4.4.2 Consequences of Reduced Locomotion  
Locomotion rate of nematodes determine the size of an area it can explore to obtain 
sufficient nutrients for development and reproduction. Furthermore, locomotion rate is 
a determinant of a nematode’s ability to migrate to environments permissive to 
survival as environmental conditions change, e.g. the arrival of a predator, depletion 
of food, or the introduction of toxin by other organisms. Egg laying during the 
reproductive phase of nematodes is a continuous process. Increased locomotion 
rates increases the area over which progeny are distributed, increasing the 
probability that some progeny develop in an environment conducive to survival.   
In a random walk there are two extremes of movement. First, nematodes simply take 
a single step forward and backwards, travelling a distance of one step over their 
lives. Alternatively, nematodes continually move forward in a single direction 
travelling in a straight line. The reality lies between these extremes. Several factors, 
including overcrowding and food scarcity drive nematodes to explore their 
environment. Area explored can be approximated as A = kx2, where k is a constant 
and x is the distance travelled. Taking X as the relative distance travelled: X = xDistance 
travelled by sample / xDistance travelled by control then the Relative Area Explored = X
2. During 
reproduction, the Relative Area Explored is also the relative area over which progeny 
are dispersed. Relative Progeny size (RP) = Total Progeny SizeSample / Progeny 
SizeControl. Then Relative Progeny Density (RPD) = RP / X
2. Using the above 
equations, reducing distance travelled and progeny size by each by 20% increases 
RDP by 25%, increasing competition among progeny for available resources. 
Competition among progeny becomes more pronounced if the fractional decrease in 
total brood size is smaller than the fractional decrease in the distance travelled. 
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When prdx-3 was repressed in nematodes, RPD rose by 62%. The 62% increase in 
RPD greatly increases the competition among the progeny for available food as well 
as the fraction of progeny exposed to similar environmental hazards. Given the 
increased competition between progeny and the increased fraction of progeny that 
experience similar environmental hazards, as compared to the progeny of wild type 
nematodes, we suggest that the progeny of nematodes with reduced expression of 
prdx-3 might be less likely to survive to reproductive maturity.  
4.4.3 Consequences of Reduced Pharyngeal Pumping 
Nematodes are filter feeders that feed by consuming bacteria suspended in water. 
Food is concentrated by the rapid pumping action of the pharynx (Avery and Shtonda 
2003). In addition to concentrating food, the pharynx also connects the mouth to the 
intestine and forces concentrated food into the relatively small gut of nematodes. 
Concentration of food allows more food to enter the gut and increases the efficiency 
of digestion and absorption.  Reducing pharyngeal pumping rates results in inefficient 
feeding (Avery and Shtonda 2003). Presumably, this is due to less food being 
concentrated and therefore consumed as well as reduced efficiency of digestion and 
absorption when food is less concentrated. We found reduced rates of pharyngeal 
pumping when prdx-3 expression was repressed in the F0 generation. Reduction in 
pharyngeal pumping rates might have reduced nutrient availability. Reduced 
availability of resources is expected to impede normal metabolism and reproductive 
fitness (Hosono et al. 1989).  
4.4.4 Increased Fitness as a Consequence of ROS Homeostasis  
In the absence of normal mitochondrial antioxidant defences, we and other research 
groups  have found that ATP availability in nematodes was diminished (Gruber et al. 
2011;Van Raamsdonk and Hekimi 2009). 2-cys PRDXs function as 
hydroperoxidases or ATP independent holdases depending on the oxidation state of 
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cells (Kumsta and Jakob 2009). When the catalytic cysteine of PRDXs are oxidised 
into the sulfinic acid state, they become stable ATP independent holdases. Under 
oxidative stress ATP independent holdase conformation of 2-cys PRDXs is likely to 
be the dominant conformational state. While this prevents denaturation of proteins 
during oxidative stress when ATP availability is limited, it is possible that prolonged 
holdase activity might interfere with normal protein synthesis and turn over. This may 
lead to rapid failure of cellular processes as damaged components are not replaced. 
We suggest that mild mitochondrial uncoupling, therefore, improves the overall 
fitness of these nematodes. In the wild, this response it thought to allow nematode to 
survive until they can migrate to environments with less oxidative stress.  
4.5 Conclusions 
The FRATA (and thus the mFRATA) proposes that ageing is due to oxidative 
damage accumulation. In the decades since the FRATA was first put forward, many 
studies have attempted to test it by modulating antioxidant defences. It was usually 
expected that modulation of antioxidant defences might alter oxidative damage 
accumulation and thus lifespan. While some studies in mice, flies and nematodes 
have indeed described a correlation between antioxidant defence capacity and 
lifespan, others have reported data inconsistent with expectations stemming from the 
FRATA (see Section 1.2.2). Investigations into the role of antioxidant defences in 
ageing do not always report data on levels of oxidative damage accumulation, energy 
metabolism, ROS homeostasis and fitness. In the absence of these data, in particular 
oxidative damage accumulation, the source of inconsistency between the data 
reported in these studies and the FRATA remains unclear. Furthermore, these 
investigations often used animals in which antioxidant defences were impaired 
throughout life. Thus developmental adaptations in response to constitutively 
impaired antioxidant defences might be a source of confounders in some studies. In 
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our work, we repressed expression of mPRDX in normal adult nematodes to avoid 
the possibility of developmental adaptations as confounders. We found in the 
absence of normal mPRDX mediated mitochondrial antioxidant defences, nematodes 
were able to maintain normal ROS homeostasis and oxidative damage accumulation 
rates. However, sustaining ROS homeostasis in the absence of normal antioxidant 
defences resulted in diminished energy availability (ATP) and thus reduced physical 
(motility and pharyngeal pumping) and reproductive fitness (brood size) of 
nematodes. Although altered expression of mSOD and mPRDX both resulted in 
altered mitochondrial activity (inhibition of the ETC and mild mitochondrial 
uncoupling, respectively: see Section 4.1.1), the mechanisms are quite different. A 
common consequence of altered mitochondrial activity was reduced ATP availability 
and unchanged accumulation of oxidative damage (See Sections 3.1.4, 3.1.10 and 
4.1.1). Given the evidence that under unstressed conditions nematodes are able to 
maintain normal ROS homeostasis even when expression of mitochondrial 
antioxidant genes are impaired, we suggest that data from studies that appear 
inconsistent with the FRATA may in fact due to adaptations that preserve ROS 
homeostasis.  
While compensatory mechanisms that maintain ROS homeostasis provide support 
for the importance of ROS in determining lifespan, mechanisms such as mild 
mitochondrial uncoupling and ROS-induced ETC inhibition pose a significant 
challenge to directly testing the FRATA. We suggest enhancement of ROS 
homeostatic capacity, rather than its reduction, along with measurements of the 
appropriate biomarkers might provide an avenue by which the FRATA and the 
mFRATA can be directly tested.  
Given that ROS are important to normal cell function, it may not be possible to 
completely ablate levels of oxidative damage. Consistent with the need to maintain 
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an optimal level of ROS in cells, it was generally observed that mild over expression 
of a single antioxidant gene rather than high over expression extended lifespan, 
healthspan and reduced oxidative damage accumulation (see Sections 1.3.2 and 
4.3.1). It has yet to be determined if simultaneous mild over expression of multiple 
antioxidant defence genes might result in similar or greater enhancement of lifespan 
and healthspan. Interestingly, high over expression of cytosolic antioxidant defence 
enzymes in mitochondria were reported to increase fitness, longevity and reduce 
oxidative damage in mice, flies and nematodes (see Section 4.3.1). Though more 
work is needed to clarify the effects of over expression of antioxidant gene, these 
data suggest that enhancement of mitochondrial antioxidant defences might be 
sufficient to realise large gains in healthspan and lifespan.  
While genetic techniques used to enhance antioxidant defences in the laboratory are 
not (yet) suitable for clinical application, they have provided targets for 
pharmacological interventions. In fact, some studies have reported enhanced 
healthspan, lifespan and compression of morbidity when laboratory animals were 
treated with redox modulators (see Section 4.3.2). The use of pharmacological 
agents to extend lifespan and healthspan allows interventions to be calibrated for 
optimal outcomes as well as introduced at various life stages. To date, however, not 
all pharmacological agents used to successfully extend lifespan in the laboratory 
have done so by modulating oxidative damage accumulation (see Section 4.2.3). 
While it might be desirable to study ageing using pharmacological agents, such 
studies (like studies using genetic interventions) must be accompanied by 
appropriate biomarker if they are to meaningfully advance our understand and 
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